A new method to determine radiative properties of rough solid surfaces by Mutukulla, Raghu Nandan
Louisiana State University
LSU Digital Commons
LSU Master's Theses Graduate School
2006
A new method to determine radiative properties of
rough solid surfaces
Raghu Nandan Mutukulla
Louisiana State University and Agricultural and Mechanical College, rmutuk1@lsu.edu
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_theses
Part of the Mechanical Engineering Commons
This Thesis is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in LSU
Master's Theses by an authorized graduate school editor of LSU Digital Commons. For more information, please contact gradetd@lsu.edu.
Recommended Citation
Mutukulla, Raghu Nandan, "A new method to determine radiative properties of rough solid surfaces" (2006). LSU Master's Theses.
3803.
https://digitalcommons.lsu.edu/gradschool_theses/3803
A NEW METHOD TO DETERMINE RADIATIVE PROPERTIES 
OF 
ROUGH SOLID SURFACES 
 
 
 
 
 
 
 
 
 
 
A Thesis 
 
 
Submitted to the Graduate Faculty of the 
Louisiana State University and 
Agricultural and Mechanical College 
In partial fulfillment of the 
requirements for the degree of 
Master of Science in Mechanical Engineering 
 
in 
 
The Department of Mechanical Engineering 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
By  
Raghu Nandan Mutukulla 
B.E, Osmania University, Hyderabad, India, 2003, 
December 2006 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To my Parents 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 ii
ACKNOWLEDGEMENTS 
 
I would like to express my sincere thanks to my advisor Dr. Tryfon 
Charalampopoulos, for offering his extensive knowledge in Radiation Heat Transfer, for 
his guidance, encouragement and Financial Assistance. Next I would like to thank Dr. 
Dorel Moldovan and Dr. Srinath Ekkad for being my Committee members and for their 
time and expertise to evaluate my thesis. 
I thank my lab mate Mr. Venkatesh Shanmugam for his time and patience to 
discuss my unending questions in research.    
Special thanks to Dr. Varshini Singh for helping me out in the Profiler readings 
and polishing techniques.  
Special thanks to my friends Sudhir, Rupesh, Vamsi who were always there to 
support me when I needed and my other lab mates and all other friends at LSU for their 
support.  
Finally, I would like to acknowledge my parents Mr. M. Satyanarayana and Mrs. 
M. Yadamma, my sister Dr. Ragini and my brother M. Ravi Kiran, for their 
encouragement and support for making me what I am today. 
 
 
 
 
 
 
 
 
 
 
 
 
 iii
Table of Contents 
 
 
Acknowledgements ......................................................................................................... iii 
 
List of Tables ................................................................................................................... vi 
 
List of Figures .................................................................................................................. x 
 
List of Symbols .............................................................................................................. xvi 
 
Abstract ........................................................................................................................ xvii 
 
Chapter 1. Introduction ………………………………………………………………...1 
1.1 Experimental Studies .................................................................................1 
1.2 Surface Roughness Description ................................................................14 
1.2.1 Surface Topography ......................................................................14 
1.2.2 Mathematical Models for Surface Roughness Effects ..................16    
 
Chapter 2. Background ………………………………………………………………..18 
 2.1 Interaction of Electromagnetic Radiation with Material Surfaces ............18 
 2.2 State of Polarisation and Reflectivities .....................................................22 
 2.3 Data Inversion ...........................................................................................26 
  
Chapter 3. Calibration of Experimental Equipment ...................................................28 
 3.1 Goniometer ...............................................................................................28 
 3.2 Light Source ..............................................................................................29 
 3.3 Detection System ......................................................................................32 
  3.3.1  Monochromator ............................................................................32. 
  3.3.2 Grating ..........................................................................................34 
  3.3.3 Bandpass and Resolution ..............................................................35 
  3.3.4 Polarisation of Light .....................................................................35 
  3.3.5 Polariser ........................................................................................37 
  3.3.6 Filters ............................................................................................38 
  3.3.7 Variable Slits .................................................................................39 
  3.3.8 Photodetectors ...............................................................................39 
 3.4 Amplification System ...............................................................................39 
  3.4.1 Signal to Noise Ratio ....................................................................40 
 3.5 Reflectometer System Performance ..........................................................41 
  3.5.1 Brewster Angle .............................................................................41 
  3.5.2 Full Angular Reflectance Data ......................................................41 
 
Chapter 4. Sample Preparations and Experiment Procedure ....................................44 
 4.1 Procedure for Sample Preparation ............................................................44 
 4.2 Carbon Rod Preparation ............................................................................45 
 4.3 Preparation of Metal Surfaces ...................................................................46 
 iv
 4.4 Optical Profilometry for R.m.s Values and Correlation Lengths .............46 
 4.5 Reflection Measurements Procedure ........................................................49 
 4.6 Correction for Multiple Reflections .........................................................50 
 
Chapter 5. Results and Discussion ............................................................................... 52 
 5.1 Carbon Rod Results ................................................................................. 52 
 5.2 Steel Sample Results ............................................................................... 55 
 5.3 Summary of Results .................................................................................58 
 
References ........................................................................................................................60 
 
Appendix A. Optical Profiler .........................................................................................62 
 
Appendix B. Sensitivity Analysis ...................................................................................71 
 
Appendix C. Matlab Programs ......................................................................................77 
 
Appendix D. Reflectivity Data Plots...............................................................................82 
 
Appendix E. Model of the Surface Layer ...................................................................105 
 
Appendix F. Reflectivity Data ......................................................................................112 
 
Vita .................................................................................................................................132 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 v
List of Tables 
 
Table 3.1.1 Rotary Table Speed Settings ..........................................................................28 
 
Table 3.2.1 Characteristics of Light Sources ....................................................................30 
Table 3.2.2 Characteristics of mirrors ..............................................................................32 
 
Table 3.3.1.1 Grating Specifications ................................................................................33 
 
Table 3.3.5.1  Characteristics of polarizers ......................................................................38 
 
Table 3.3.6.1 Characteristics of  Filters ...........................................................................38 
 
Table 3.3.8.1 Characteristics of Photomultiplier tube ......................................................39 
Table 4.4.1 Correlation lengths of carbon rod samples ....................................................47 
 
Table 4.4.2  Correlation lengths of steel samples .............................................................47 
 
Table 4.4.3  rms roughness for carbon samples ................................................................47 
 
Table 4.4.4 Rms roughness for steel samples ...................................................................48 
 
Table 4.4.5 Slopes of the surface profile in terms of gradient for carbon rod sample ......48 
 
Table 4.4.6 Slopes of the surface profile in terms of gradient for steel sample ................48 
Table D.1.1 Void fractions of the carbon rod samples determined using Image analysis 
and empirical relations ......................................................................................................88 
 
Table D.1.2 Real and Imaginary parts of the Refractive Index for the carbon rod sample 
at a wavelength of 0.4 .......................................................................................................89 
 
Table D.1.3 Real and Imaginary parts of the Refractive Index for the carbon rod sample 
at a wavelength of 0.6 .......................................................................................................89 
 
Table D.1.4 Real and Imaginary parts of the Refractive Index for the carbon rod sample 
at a wavelength of 0.8 .......................................................................................................89 
 
Table D.1.5 Real and Imaginary parts of the Refractive Index for the carbon rod sample 
at a wavelength of 0.4 μm taking void fraction into account ...........................................90 
 
Table D.1.6 Real and Imaginary parts of the Refractive Index for the carbon rod sample 
at a wavelength of 0.6 μm taking void fraction into account ...........................................90 
 
 vi
 
Table D.1.7 Real and Imaginary parts of the Refractive Index for the carbon rod sample 
at a wavelength of 0.8 μm taking void fraction into account ...........................................90 
 
Table D.2.1 Real and Imaginary parts of the Refractive Index for the steel sample at a 
wavelength of 0.4 μm ....................................................................................................103 
 
Table D.2.2 Real and Imaginary parts of the Refractive Index for the steel sample at a 
wavelength of 0.5 μm .....................................................................................................103 
 
Table D.2.3 Real and Imaginary parts of the Refractive Index for the steel sample at a 
wavelength of 0.6 μm .....................................................................................................104 
 
Table D.2.4 Real and Imaginary parts of the Refractive Index for the steel sample at a 
wavelength of 0.7 μm .....................................................................................................104 
 
Table D.2.5 Real and Imaginary parts of the Refractive Index for the steel sample at a 
wavelength of 0.8 μm .....................................................................................................104 
 
Table F1.1 Reflectivities of carbon rod polished with 0.05 μm at wavelength 0.4 μm.112 
 
Table F1.2 Reflectivities of carbon rod polished with 5 μm at wavelength of 0.4 μm..113 
 
Table F1.3 Reflectivities of carbon rod polished by 600 grit at wavelength of 0.4 μm.113 
 
Table F1.4 Reflectivities of carbon rod polished by 400 grit at wavelength of 0.4 μm.114 
 
Table F1.5 Reflectivities of carbon rod polished by 0.05 μm at wavelength of 0.6 μm.114 
 
Table F1.6 Reflectivities for carbon rod polished with 5 μm at wavelength of 0.6 μm.115 
 
Table F1.7 Reflectivities of carbon rod polished by 600 grit at wavelength of 0.6 μm.115 
Table F1.8 Reflectivities of carbon rod polished by 400 grit at wavelength of 0.6 μm.116 
Table F1.9 Reflectivities of carbon rod polished by 0.05 μm at wavelength of 0.8 μm116 
Table F1.10 Reflectivities of carbon rod polished by 5 μm at wavelength of 0.8 μm...117 
Table F1.11 Reflectivities of carbon rod polished by 600 grit at wavelength of 0.8 μm117 
Table F1.12 Reflectivities of carbon rod polished by 400 grit at wavelength of 0.8 μm118 
Table F2.1 Reflectivities for steel polished with 0.05 μm at wavelength of 0.4 μm......119 
 vii
Table F2.2 Reflectivities for steel polished with 0.3 μm at wavelength of 0.4 μm.........120 
Table F2.3 Reflectivities for steel polished with 5 μm at wavelength of 0.4 μm............120 
Table F2.4 Reflectivities for steel polished with 400 grit at wavelength of 0.4 μm.......121 
Table F2.5 Reflectivities for steel polished with 240 grit at wavelength of 0.4 μm......121 
Table F2.6 Reflectivities for steel polished with 0.05 μm at wavelength of 0.5 μm.....122 
Table F2.7 Reflectivities for steel polished with 0.3 μm at wavelength of 0.5 μm.......122 
Table F2.8 Reflectivities for steel polished with 5 μm at wavelength of 0.5 μm..........123 
Table F2.9 Reflectivities for steel polished with 400 grit at wavelength of 0.5 μm......123 
Table F2.10 Reflectivities for steel polished with 240 grit at wavelength of 0.5 μm....124 
Table F2.11 Reflectivities for steel polished with 0.05 μm at wavelength of 0.6 μm...124 
Table F2.12 Reflectivities for steel polished with 0.3 μm at wavelength of 0.6 μm.....125 
Table F2.13 Reflectivities for steel polished with 5 μm at wavelength of 0.6 μm........125 
Table F2.14 Reflectivities for steel polished with 400 grit at wavelength of 0.6 um.....126 
Table F2.15 Reflectivities for steel polished with 240 grit at wavelength of 0.6 μm....126 
Table F2.16 Reflectivities for steel polished with 0.05 μm at wavelength of 0.7 μm...127 
Table F2.17 Reflectivities for steel polished with 0.3 μm at wavelength of 0.7 μm.....127 
Table F2.18 Reflectivities for steel polished with 5 μm at wavelength of 0.7 μm........128 
Table F2.19 Reflectivities for steel polished with 400 grit at wavelength of 0.7 μm....128 
Table F2.20 Reflectivities for steel polished with 240 grit at wavelength of 0.7 μm...129 
Table F2.21 Reflectivities for steel polished with 0.05 μm at wavelength of 0.8 μm...129 
Table F2.22 Reflectivities for steel polished with 0.3 μm at wavelength of 0.8 μm......130 
Table F2.23 Reflectivities for steel polished with 5 μm at wavelength of 0.8 μm.........130 
 viii
Table F2.24 Reflectivities for steel polished with 400 grit at wavelength of 0.8 μm....131 
Table F2.25 Reflectivities for steel polished with 240 grit at wavelength of 0.8 μm....131 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 ix
List of Figures 
 
Figure 1.2.1.1 Surface topography parameters for a rough surface .................................14 
 
Figure 1.2.1.2 Optically rough surface .............................................................................15 
 
Figure 1.2.1.3 Optically smooth surface .........................................................................15 
 
Figure 1.2.2.1 Solid angle of the reflected electromagnetic wave ..................................16 
Figure2.1.1 Electric field wave polarized in x-y plane, traveling in x direction with                                         
companion magnetic field wave ......................................................................................20 
 
Figure 2.2.1. Interaction of Electromagnetic beam with the medium at the interface of 
medium 1 and medium 2 .................................................................................................22 
 
Figure 3.2.1 Plan view of the Reflectometer system .......................................................31 
Figure 3.2.2 Reflectometer system ..................................................................................31 
Figure 3.3.1.1 Typical irradiance of the pencil lamp 6035 Hg (Ar) ................................33 
Figure 3.3.2.1 Pattern of the Grating ...............................................................................34 
Figure 3.3.4.1a Plane of incidence is defined by the direction of incidence and the normal 
to the interface n  .............................................................................................................36 ˆ
 
Figure 3.3.5.1a Polarisation of light .................................................................................37 
Figure 3.3.5.1b, 3.3.5.1c Types of polarization ................................................................37 
Figure 3.5.2.1 Variation of the Parallel and Perpendicular reflectivities for Glass with  
angle of Incidence at a wavelength of 600 nm .................................................................42 
 
Figure 3.5.2.2 Variation of the Parallel and Perpendicular reflectivities for Glass with 
angle of Incidence at a wavelength of 700 nm .................................................................42 
 
Figure 3.5.2.3 Variation of the Parallel and Perpendicular reflectivities for Glass with 
angle of Incidence at a wavelength of 800 nm .................................................................43 
 
Figure 4.6.1 Second surface reflections from the glass ....................................................50 
 
Figure 5.1 Variation of Specularity Index with λ  for carbon rod samples polished with 
different grit size ..............................................................................................................53 
 
 
 x
Figure 5.2 Variation of real and imaginary parts of the Index with Specularity Index  
at λ  = 400 nm ..................................................................................................................53 
 
Figure 5.3 Variation of real and imaginary parts of the Index with Specularity Index  
at λ  = 600 nm ..................................................................................................................54 
Figure 5.4 Variation of real and imaginary parts of the Index with Specularity Index  
at λ  = 800 nm .................................................................................................................54 
 
Figure 5.5 Variation of Specularity Index withλ for Steel samples polished with  
different grit sizes .............................................................................................................55 
 
Figure 5.6 Variation of real and imaginary parts of the index with respect to the S.I. of the 
sample surface for steel at λ = 400 nm .............................................................................56 
 
Figure 5.7 Variation of real and imaginary parts of the index with respect to the S.I. of the 
sample surface for steel at λ = 500 nm ............................................................................56 
 
Figure 5.8 Variation of real and imaginary parts of the index with respect to S.I of the 
sample surface for steel λ = 600 nm .................................................................................57 
 
Figure 5.9 Variation of real and imaginary parts of the index with respect to the S.I of the 
sample surface for steel λ = 700 nm .................................................................................57 
 
Figure 5.10 Variation of real and imaginary parts of the index with respect to the S.I of 
the sample surface for steel λ = 800 nm ...........................................................................58 
 
Figure A1.1 VSI Algorithm ..............................................................................................63 
 
Figure A3.1 Gaussian Distribution of heights of Carbon rod polished with 0.05 μm ......66 
 
Figure A3.2 Gaussian Distribution of heights of Steel sample polished with 5 μm .........67 
 
Figure A3.3 X- averaged PSD for carbon rod polished with 0.05 μm .............................67 
 
Figure A3.4  X- averaged PSD for steel sample polished with 5 μm ...............................68 
 
Figure A3.5 Surface profile data showing average and rms heights for the carbon rod 
sample polished with 400 grit ...........................................................................................68 
 
Figure A3.8 ACV on Y-profile for carbon rod polished with 5 μm ................................69 
 
Figure A3.9 X-profile for carbon rod polished with 5 μm ...............................................70 
 
Figure A3.10  Y-profile for carbon rod polished with 5 μm ............................................70 
 
 xi
Figure B.1 Variation of the parallel and perpendicular reflectivities with respect to the   
imaginary part of the index “k” for the real part of the index constant n=1.8 for the angle 
of incidence .................................................................................................................71 030
 
Figure B.2 Variation of the parallel and perpendicular reflectivities with respect to the 
imaginary part of the index “k” for the real part of the index constant n=1.8 for the angle 
of incidence .......................................................................................................................72 
 
Figure B.3 Rate of change of the parallel and perpendicular reflectivities “dR/dk” with 
respect to the imaginary part of the index “k” for the real part constant n=1.8 for an angle 
of incidence of  ...........................................................................................................72 030
 
Figure B.4 Variation of the parallel component of the reflectivity “ ” at an angle of 
incidence of  with respect to the real and imaginary parts of the refractive index ....73 
||R
030
 
Figure B.5 Variation of the parallel component of the reflectivity “ ” at an angle of 
incidence of  with respect to the real and imaginary parts of the refractive index ....73 
||R
070
 
Figure B.6 Variation of the perpendicular component of the reflectivity “ ” at an angle 
of incidence of  with respect to the real and imaginary parts of the refractive index.74 
⊥R
030
 
Figure B.7 Variation of the Ratio “
⊥R
R|| ” at an angle of incidence of  with respect to 
the real and imaginary parts of the refractive index ........................................................74 
030
 
Figure B.8 Variation of the Ratio “
||R
R⊥ ” at an angle of incidence of  with respect to 
the real and imaginary parts of the refractive index ........................................................75 
030
 
Figure B.9 Variation of the Ratio “
||R
R⊥ ” at an angle of incidence of  with respect to 
the real and imaginary parts of the refractive index ........................................................75 
070
 
Figure B.10 Variation of the Ratio “
||
||
RR
RR
+
−
⊥
⊥ ” at an angle of incidence of  with 
respect to the real and imaginary parts of the refractive index ........................................76 
030
 
Figure B.11 Variation of the Ratio “
||
||
RR
RR
+
−
⊥
⊥ ” at an angle of incidence of  with 
respect to the real and imaginary parts of the refractive index ........................................76 
070
 
 xii
Figure D.1.1 Variation of the Parallel and Perpendicular reflectivities for Carbon rod 
polished with 0.05 μm with angle of Incidence at a wavelength of 400 nm ....................82 
 
Figure D.1.2 Variation of the Parallel and Perpendicular reflectivities for Carbon rod 
polished with 5 μm with angle of Incidence at a wavelength of 400 nm .........................83 
Figure D.1.3  Variation of the Parallel and Perpendicular reflectivities for Carbon rod 
polished with 600 grit with angle of Incidence at a wavelength of 400 nm .....................83 
 
Figure D.1.4  Variation of the Parallel and Perpendicular reflectivities for Carbon rod 
polished with 400 grit with angle of Incidence at a wavelength of 400 nm......................84 
 
Figure D.1.5 Variation of the Parallel and Perpendicular reflectivities for Carbon rod 
polished with0.05 μm with angle of Incidence at a wavelength of 600 nm......................84 
 
Figure D.1.6 Variation of the Parallel and Perpendicular reflectivities for Carbon rod 
polished with 5 μm with angle of Incidence at a wavelength of 600 nm..........................85 
 
Figure D.1.7 Variation of the Parallel and Perpendicular reflectivities for Carbon rod 
polished with 600 grit with angle of Incidence at a wavelength of 600 nm. ....................85 
 
Figure D.1.8 Variation of the Parallel and Perpendicular reflectivities for Carbon rod 
polished with 400 grit with angle of Incidence at a wavelength of 600 nm. ....................86 
 
Figure D.1.9 Variation of the Parallel and Perpendicular reflectivities for Carbon rod 
polished with 0.05 μm with angle of Incidence at a wavelength of 800 nm. ...................86 
 
Figure D.1.10 Variation of the Parallel and Perpendicular reflectivities for Carbon rod 
polished with 5 μm with angle of Incidence at a wavelength of 800 nm. ........................87 
 
Figure D.1.11  Variation of the Parallel and Perpendicular reflectivities for Carbon rod 
polished with 600 grit with angle of Incidence at a wavelength of 800 nm. ....................87 
 
Figure D.1.12  Variation of the Parallel and Perpendicular reflectivities for Carbon rod 
polished with 400 grit with angle of Incidence at a wavelength of 800 nm. ....................88 
 
Figure D.2.1 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 0.05 μm with angle of Incidence at a wavelength of 400 nm. ...................91 
 
Figure D.2.2 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 0.05 μm with angle of Incidence at a wavelength of 500 nm. ..................91 
 
Figure D.2.3 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 0.05 μm with angle of Incidence at a wavelength of 600 nm. ..................92 
 
Figure D.2.4 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 0.05 μm with angle of Incidence at a wavelength of 700 nm. ..................92 
 xiii
 
Figure D.2.5 Variation of the Parallel and Perpendicular reflectivities for Steel1086 
polished with 0.05 μm with angle of Incidence at a wavelength of 800 nm. ...................93 
 
Figure D.2.6 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 0.3 μm with angle of Incidence at a wavelength of 400 nm. ....................93 
 
Figure D.2.7 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 0.3 μm with angle of Incidence at a wavelength of 500 nm. ...................94 
 
Figure D.2.8 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 0.3 μm with angle of Incidence at a wavelength of 600 nm. ...................94 
 
Figure D.2.9 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 0.3 μm with angle of Incidence at a wavelength of 700 nm. ...................95 
 
Figure D.2.10 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 0.3 μm with angle of Incidence at a wavelength of 800 nm. ...................95 
 
Figure D.2.11 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 5 μm with angle of Incidence at a wavelength of 400 nm. ......................96 
 
Figure D.2.12 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 5 μm with angle of Incidence at a wavelength of 500 nm. ......................96 
 
Figure D.2.13 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 5 μm with angle of Incidence at a wavelength of 600 nm. ......................97 
 
Figure D.2.14 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 5 μm with angle of Incidence at a wavelength of 700 nm........................97 
 
Figure D.2.15 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 5 μm with angle of Incidence at a wavelength of 800 nm. ......................98 
 
Figure D.2.16 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 400 grit with angle of Incidence at a wavelength of 400 nm. .................98 
 
Figure D.2.17 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 400 grit with angle of Incidence at a wavelength of 500 nm. .................99 
 
Figure D.2.18 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 400 grit with angle of Incidence at a wavelength of 600 nm. ..................99 
 
Figure D.2.19 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 400 grit with angle of Incidence at a wavelength of 700 nm. .................100 
 
 xiv
Figure D.2.20 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 400 grit with angle of Incidence at a wavelength of 800 nm....................100 
 
Figure D.2.21 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 240 grit with angle of Incidence at a wavelength of 400 nm. ..................101 
 
Figure D.2.22 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 240 grit with angle of Incidence at a wavelength of 500 nm. ..................101 
 
Figure D.2.23 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 240 grit with angle of Incidence at a wavelength of 600 nm. .................102 
 
Figure D.2.24 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 240 grit with angle of Incidence at a wavelength of 700 nm. .................102 
 
Figure D.2.25 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 240 grit with angle of Incidence at a wavelength of 800 nm. .................103 
 
Figure E.1.1 SEM image of the pellet surface(magnification = 600X) polished with the 
0.05 microns. Taken with Scanning electron microscope S3600N. ..............................106 
 
Figure E.1.2 SEM image of sandpaper of 600 grit. Taken with Scanning Electron 
Microscope S3600N. .....................................................................................................106 
 
Figure E.1.3 SEM image of sandpaper of 800 grit. Taken with Scanning Electron 
Microscope S3600N. .....................................................................................................107 
 
Figure E.1.4 SEM image of Alumina Powder of 5 microns. Taken with Scanning 
Electron Microscope S3600N. .......................................................................................107 
 
Figure E.1.5 SEM image of Alumina Powder of 0.05 microns. Taken with Scanning 
Electron Microscope S3600N. .......................................................................................108 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 xv
List of Symbols 
 
E
r
 = Electric Field Vector, N/C 
 
H
r
 = Magnetic Field Vector, C/m.s 
 
μ = Magnetic permeability,  22 / CsN ⋅
 
γ = Permittivity,  22 / mNC ⋅
 
er = Electrical resistivity,  22 / CsmN ⋅⋅
 
0c = Propagation speed in vacuum, m/s  
 
c = Speed in medium, m/s  
 
n = Refractive index  
 
K = Extinction coefficient of the wave,  1−m
 
nˆ = Normal vector 
 
iθ = Angle of incidence, rad 
 
rθ = Angle of reflection, rad  
 
S
r
= Poynting vector,   2/ mW
 
||R = Parallel component of the reflectivity 
 
⊥R = Perpendicular component of the reflectivity 
 
σ = Root mean square roughness, m  
 
α = Correlation length, m 
 
ϕ = Void fraction  
 
λ = Wavelength, m 
 
thG = Theoretical Fresnel Coefficient 
 
expG = Measured Fresnel Coefficient 
 xvi
Abstract 
 
The radiative properties of the rough surfaces are important both from 
fundamental and practical standpoint.  Thus, there is a need to determine the effect of 
roughness on radiative properties of materials accurately, as these properties effect the 
performance of electronic devices, communication devices, optical sensors, and furnaces, 
amongst others. The effects of roughness are assessed by measuring the reflection 
coefficients from the carbon rod surfaces and steel 1086 samples over the range of angles 
25 o to 75 o in the visible range and near infrared region. Different levels of roughness are 
induced on the surfaces by utilizing different grid size sand-paper and different size 
aluminum powder. The measured reflectivities were inverted for the real and imaginary 
parts the refractive index by an optimization procedure over the angle range of 25 to 
75 o and for the different wavelengths under the assumption that the roughness factor is 
independent of polarization state of the reflected Electromagnetic energy.  
o
The most suitable model for the data inversion was found to be the ratio of 
parallel component of the reflectivity to the perpendicular component of the reflectivity. 
This result was clear for the carbon rod surface. However, for the steel 1086 sample no 
clear trend was identified from the measurements. More work is required to fully assess 
the effect of roughness on the inference of the optical properties of such surfaces.  
 xvii
Chapter 1. Introduction 
1.1 Experimental Studies 
 
Since the main focus of this thesis is the study of the effects of surface roughness 
on the inference of materials of the radiative properties from reflection measurements. An 
account of the previous is provided below. 
 The reflection technique is a valuable tool for determining the optical properties 
of materials. It is used for studying the refractive indices of metals, carbonaceous 
materials as well as glasses. The reflection technique is especially suitable for absorbing 
solids where the preparation of thin specimens required for the transmission 
measurements is difficult.   
 The infrared spectra of many strongly-absorbing solids and liquids were measured 
directly, either by the preparation of the thin sections or mulling the substance with 
diluents. For such cases reflection measurement technique is very useful. The 
measurements were carried out at two different angles of incidence and the two optical 
constants were obtained. Ivan [1] has computed sets of values for natural and polarized 
light for angles of incidence and and prepared a set of graphs for the reflected 
energies. It was concluded that the graphical method is much faster than the interpolation 
from the Tables and hence suitable sets of curves are constructed by means of tables. The 
range covered for the real part of the refractive index  was 0.1 to 100 and and for the 
absorptive index was 0.1 to 10. The data was measured with a rock-salt prism in a wave 
number interval of 700 to 3000 . Crystalline quartz has been studied in their 
investigation by measuring the reflectivity at a desired orientation of the chosen 
020 070
n
k
1−cm
 1
crystallographic axis with respect to the plane of polarization. It is very useful in 
resolving some of the fundamental vibrations in the crystalline substances. The reflection 
measurements were made on a surface of a free-flowing liquid. It was found 
experimentally that the quartz showed high values of n and in the studied dispersion 
region. It has been concluded that it is not possible to determine the optical data by any 
transmission experiment which was true in most of the silicates and glasses. It was 
observed that, the optical constants of carbon tetrachloride in the strong absorption band 
around 800 , the reflection curves showed an effect of self-reversal due to the 
presence of a layer of vapor on the surface of the liquid which is an inherent difficulty 
with the volatile liquids. The correction for a surface free of vapor was obtained by 
observing the reflection on the liquid interface in a cell. It was found that the computed 
Tables and curves in the region below 
k
1−cm
1=n and 2.0=k  was not practical and hence, it 
was not possible to determine the absorption indices below 0.2 with enough accuracy.  
 Further, a general discussion of the influence of the surface roughness has been 
given by Bennett and Porteus[2]. A theory which related the reflectance and roughness 
for the case of normal incidence was described. A series of steel and flat plate glass 1.5 
inches in diameter disks of various roughnesses were used and were coated with an 
opaque, evaporated aluminium film. The reflectance as a function of wavelength was 
measured. The steel disks made of AISI type 01 tool steel hardened to Rockwell 58-60 
HRC. Roughnesses of the samples were 2.5, 8, and 32 inμ root mean square as measured 
with the profilometer. The plate glass disks were ground using grinding particles of 5-22 
inμ  average particle size. The ground disks and a plane plate-glass reference disk were 
aluminized in one evaporation, and the reflectance at normal incidence was measured as a 
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function of wavelength in the far infrared region using the reflectometer. It was shown 
that the theoretical wavelength dependence of the decrease in reflectance caused by the 
surface roughness was in good agreement with the experiment. They have investigated 
the relative reflectance as a function of wavelength and found that the reflectance is a 
function of root mean square roughness σ  and not the root mean square slope m . It was 
also observed that there was a significant contribution from the diffuse reflectance near 
the normal. It has been observed that at lower reflectances the requirement that λσ <<  is 
violated and the theory would not be likely to hold. Also, they have reported that the data 
indicating the irregularities on a polished glass surface were not symmetrical about an 
average plane. So, they have used an unsymmetrical distribution function and it was the 
distribution of the maxima of the irregularities rather than all the data points on the 
surface. The relations used were verified by experiments from measurements of 
reflectances. The root mean square roughness was in good agreement with the results 
obtained from the other techniques. It was concluded that a non-negligible error is found 
in the range of 0.1% to 10% in reflectance measurements made in the visible and 
ultraviolet spectrum could result from the surface roughness even if good optically 
polished surfaces were in use.  
        Porteus[3] has extended the theory for the relation between root mean square 
roughness of a plane surface and its specular reflectance at normal incidence. Theory for 
the coherent and incoherent reflectance were presented for the shortfall of the parameters 
like root mean square roughness σ , the root mean square slope  and the correlation 
length 
m
α  for evaluating the reflectance in the shorter wavelength region.. There was a 
considerable emphasis laid on the determination of the density function of the surface 
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heights from the reflection measurements at normal incidence. It was found that the 
density function could be agreeably determined for the most real surfaces. Further, it was 
emphasized that the incoherent reflectance in the evaluation of density of surface heights, 
as it has most of the information of the structure of the real surfaces.  
 Juenker[4] has given a narration of the computer program for analyzing the 
reflectance data from an absorbing medium in terms of the complex refractive index 
which can be applied to thin films as well as to bulk specimens. The reflectance is 
determined each time which is dependent on refractive index, angle of incidence and state 
of polarization of the incident electromagnetic radiation. Whereas for a film, there is a 
dependence of the film thickness, refractive index of the substrate and wavelength. Three 
cases were considered a) thin film of the subject material on an effectively semi-infinite 
substrate, b) semi-infinite subject material and c) thin film of the subject material on a 
thick dielectric substrate with plane-parallel surfaces.  
 Birkebak and Eckert[5] made measurements of monochromatic biangular 
reflectances for two sets of metal surfaces. The surfaces were prepared by a standard 
optical grinding process, in which the sample was free to rotate around its own center 
while moving back and forth across the rotating grinding wheel, using a range of series of 
grit sizes of the grinding compounds.  They were isotropic and possessed a Gaussian 
distribution of roughness sizes. The first set of samples were of ground glass coated with 
a film of pure aluminium applied by evaporation on the surface and the second set were 
of nickel. The glass sample was prepared by using the lens polishing technique and the 
nickel sample by hand polishing using red rouge. The values of the optical root mean 
square roughness 0σ and mechanically measured roughnessσ  were compared for both 
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the samples. It was observed that the spatial distribution of the reflected radiation varies 
with the wavelength. Specular peaks were obtained in the distribution curves for the 
ground nickel surface at a wavelength of 6 mμ  and increase in intensity relative to the 
diffusely reflected radiation with increasing wavelength. Finally, it was concluded from 
the results that the distribution curve including the proportioning between specular and 
diffuse reflection depends mainly on the roughness parameter. It was shown that the 
diffuse part of the reflected energy is independent of the parameter λσ /  and the increase 
of the reflectivity of a surface with this parameter approaching to zero is due to the 
specularly reflected portion is superimposed onto the diffuse part. It has been verified that 
the hemispherical angular reflectance for uniform irradiation can also be calculated from 
the biangular values with the equations presented in the paper. There was an agreement 
observed in the average of data points and the measured reflectance ratios.  
 Torrence and Sparrow[6] have demonstrated that the directional distribution of 
reflected thermal radiation for moderate to large angles of incidence is not intermediate to 
the specular and diffuse limits . Both metals and non-metals were studied as the materials 
used are aluminum, nickel, copper, nickel-copper alloy and magnesium-oxide ceramic. 
The surface roughness (rms) employed was in the range of 0.23 to 5.8 mμ over the 
wavelength range of 0.5 to 6 mμ . It was established that the directional reflection 
characteristics of real surfaces are not intermediate to the specular and diffuse limits. 
Furthermore, it was observed that the off-specular peak moves to a larger polar angles 
with increasing incident angle for a given rms roughness. The magnitude of the 
reflectance at the off-specular peak relative to that in the specular direction increases with 
increasing angle of incidence. By comparing the results for the aluminum coated 
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aluminum surfaces and those for the uncoated nickel, it was noticed that the directional 
distributions of the normalized biangular reflectances for metals depend on optical 
roughness alone and not on surface coatings or the absolute reflectance. It was also 
observed that the variation of the normal biangular reflectance with angle of incidence 
between and  was nearly constant. 010 080
 The correlation of structural anisotropy with the normal spectral emissivity of 
pyrolytic graphite is discussed relative to polycrystalline graphite and to isotropic single 
crystal nickel [7]. The polycrystalline nickel employed was high purity 270 grade and the 
single crystal nickel was grown from the 270 grade using the Bridgeman method. The 
polycrystalline graphite employed was ultra-pure UF-4-S grade. Specimens were cut 
from the extruded rod with the surfaces perpendicular to the extrusion axis. Experiments 
were conducted in the near infrared at temperatures between and C in a 
hydrogen atmosphere. There was good agreement with the results in the hydrogen 
atmosphere with previous emissivity results on nickel and graphite in vacuum and in 
argon atmosphere indicated that the hydrogen has a negligible effect on the specimen 
surfaces and emissivities. It was found that normal spectral emissivity, temperature 
coefficient for polycrystalline nickel was in good agreement in the data obtained from the 
experiments for beyond the wavelength of 5 microns. It was also observed that the 
emission of radiant energy from an isotropic metal which is bulk and not a characteristic 
of the surface did not change with the orientation unless the surface is chemically altered. 
The temperature coefficient of normal spectral emissivity for polycrystalline graphite 
surface was found to be zero between 2.5 to 13
0800 01200
mμ  in the temperature range of and 
C. Furthermore, it was seen that the polycrystalline graphite surface produced 
0844
01174
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higher values of normal spectral emissivity when compared to the mechanically polished 
surface for a 180 grit rough surface at the same temperature and wavelength range as 
mentioned above and it was due to the presence of cavity effects. Pure polycrystalline 
graphite polished similarly and at comparable temperatures showed a similar spectral 
dispersion just about normal spectral emissivity values which decreased with the 
increasing wavelength. Further the normal spectral emissivity showed a greater 
anisotropy and temperature coefficient of normal spectral emissivity is near zero for all 
orientations of pyrolytic graphite in the near infrared region in the temperature range of 
and C.  0825 01115
 Foster and Howarth[9] have performed reflectance experiments on coals, graphite 
and soots. The coals were cut parallel to the bedding plane, resulting in a surface which 
petrographically may be considered more uniform than a surface cut perpendicular to the 
bedding plane. Graphite sample was in the form of a disc, which was an extruded 
electrographite containing a small percentage of amorphous carbon. As a result of 
extrusion process there is a tendency for the c-axis of the graphite crystallites to be 
aligned parallel to the sample surface used. Soots were obtained form the Cabot Carbon 
Co., Ellemere Port and are compressed into the sample holder using a optically flat 
stainless steel plunger. They observed that the values of the refractive index and 
absorption indices for coals increased with increasing carbon content in the Infrared 
region. For the coal samples with carbon contents 78.4 and 73.5, the spectra of and 
were similar though their carbon contents are different. This was attributed to the 
difference of the C/H ratios of the samples. For the measurements of the graphite 
samples, there was some complication in correlating  the results because of the variations 
n
k
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in the properties due to the different binding materials, particle structures and orientation. 
Also the measured absorption peak in the range of 7 to 8 mμ  has a large variation in the 
absorption index. But, the measured reflectivity has only a small peak in this region. It 
was concluded that the Avery technique used for the optical constants measurement 
working at the limit of its range of application, the errors were large.  
 An algorithm was developed for computing both the index of refraction and 
extinction coefficient from a reflectance spectrum obtained for radiant flux incident on 
a plane surface of the material at an oblique angle in the range of   to  [10]. It was 
shown that this analysis of the reflectance spectrum provides spectral values of 
n
k
010 045
sp φφφ −=Δ , the difference between the phase shifts due to the reflection of the two 
separate polarization components. It was observed that the smaller wave number intervals 
yield the most accurate values of φΔ , but the allowable minimum interval size will be 
limited by the spectral resolution of  the reflectometer system. Experiments were carried 
out only on smooth synthetic ratio-reflectance spectrum for water. It was noticed that this 
analysis misbehaved when unavoidable noise exists in the measured reflectance spectra. 
This behaviour was prevalent in the spectral regions where the sample possesses small 
values for the extinction coefficient . In the investigations of measured relative 
reflectance spectra of aqueous solutions it was found that IMSL cubic smoothing 
subroutine to be very well suited for the application.  
k
 The real and imaginary parts of the complex index of refraction have also been 
measured in the 3-14 mμ  region for nine black powders [11]. Nine black powders were 
investigated in this study. Each sample was pressed in its own disk holder using the 
hydraulic press at a pressure of 4000 psi. A graphical method was chosen for obtaining 
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the optical constants from plots of isoreflectance curves. The ratio  was found to 
be convenient to determine the optical constants and provided a sensitive characterization 
of the sample. The numerical values of and were in reasonable agreement with those 
of results for same materials by other investigators. It was found that the measured 
powder values were lower than the corresponding bulk values and the difference in 
refractive index to the spatial variation in the dielectric constant resulting from surface 
roughness. The powders used were highly absorbing and the penetration of 
electromagnetic wave into a medium decreases as the extinction coefficient k increases. 
In general, this would tend to reduce the sensitivity of the measurements to surface 
roughness. In the investigation of anisotropic powder samples the measured properties 
represent an average over all orientations of the particles. Hence, the observations 
correspond to a case lying somewhere between completely random orientation of the 
crystal axes and a single crystal.  
⊥RR /||
n k
Charalampopoulos and coworkers[12] have determined the refractive indices of 
soot particles from the reflectivities of compressed soot particles. Compressed propane 
soot pellets were used in the measurements of the polarized components of the 
reflectivity for wavelengths in the infrared region, which established that the reflection is 
specular and is described by the Fresnel equations. By matching these equations to the 
full angular variations of the specular reflectivities an effective refractive index of the 
soot/air mixture was found at each wavelength. Propane soot was generated by burning 
research grade propane using the Bunsen burner and the soot was collected. The soot was 
treated to reduce the secondary agglomeration and compressed into pellets. Its been 
concluded that for the propane soot pellet, the effective refractive indices of the two-
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phase compacted powder could be inferred from the specular reflectance data using the 
Fresnel equations for the wavelengths above 2 mμ  and for the wavelengths below 2 mμ  
the specular behaviour of the pellet is eroded. Equations for the effective refractive 
indices were developed based on Bruggeman’s effective medium concept for mixtures 
containing appreciable amounts of each phase. The technique of determining the void 
fraction by the model of the surface layer is presented. Thus, the indices of the soot 
particles could be found from the effective indices of the pellet by introducing an 
appropriate relationship for the optical properties of mixtures. Lastly, it was found that 
void fraction is the characteristic of the first several layers of the particles near the 
surface of the pellet. Furthermore, the void in the surface layer is different from the bulk 
void in the pellet.    
 Batten[13] has derived optical constants of carbonaceous materials derived from 
different types of fuel by using a polarized ratio reflectance technique over a spectral 
range of 0.5-0.75 mμ  and variable incident angles to compare the relative influence of 
composition independent of particle size and size distribution [13]. The purpose of the 
study was to test and determine the optical constants of soot by the polarization ratio 
reflectance technique. The relative compostional influence was compared including the 
important effect of adsorbed species. The soot used for this study has a relative 
compostion based on the fuel H/C ratio. The optical constants were derived by applying a 
direct solution of the generalized Fresnel reflectance equations to the measured polarized 
reflected intensities using the method of Querry with some modifications. Batten[13] 
performed experiments for the three laboratory generated soot from kerosene, acetylene, 
and propane fuels and for Elftex-8, a commercially available carbon black. Soot was 
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generated from either a torch or a diffusion type burner and collected on a rotating water 
cooled brass plate, Elftex-8 derived from a channel process. Acetylene soot was 
generated from an oxyacetylene torch operated at reduced oxygen flow to produce a 
sooty acetylene-air flame. The propane soot was generated from a propane torch and 
mixed with air to produce a flame near the smoke point. Kerosene soot was generated 
from the combustion of fuel oil in a diffusion type burner. It was shown that the optical 
constants were affected by the surface composition both in magnitude and spectral shape. 
The optical constants reported were in agreement with other investigators except that the 
differences observed were due to the surface roughness effects. The spectral features 
obtained for kerosene soot near 0.58 mμ  and 0.62 mμ  are due to the presence of volatile 
substances adsorbed on the particle surfaces. It was reported that the real part of the 
refractive index n may be influenced to a larger extent by the surface characteristics of 
the sample and for that reason were more sensitive to sample preparation effects. On the 
other hand, the absorption index depends on the bulk properties of the material and as 
such is more susceptible to the difference in soot composition. Hence, it was observed 
that the values of absorption index were inversely proportional to the H/C ratio.  
k
k
 The total integrated reflectivity of a slightly rough dielectric surface was studied 
by the Rayleigh-Rice method [14]. The perturbed boundary condition method was 
applied for this surface. They used the validity of the Rayleigh hypothesis for 
convergence which considers the expansion of the scattered field into plane and 
evanescent waves up to the bottom of the surface profile. It has been shown that the 
specular reflection loss is different from the diminution of coherent intensity. In order to 
investigate the scattering behavior of the slightly rough dielectric surfaces, a correlation 
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function was assumed for representing the surface structure. And because of the reason 
that the function of the real structure is difficult, two types of the correlation functions 
were used to compare the results. It was observed that both correlation functions lead to 
the same effects of reflection loss and a slight reddening of the scattered light. In spite of 
limited range of soundness of the Rayleigh-Rice approach, the results presented have 
practical consequences in the sense that every surface possesses a micro rough 
configuration along with the larger length scaled irregularities. Furthermore, it has been 
seen that very slight surface roughness could, to some extent, invalidate the method of 
determining optical constants by applying Fresnel’s formulae to the measured 
reflectances. The composite surfaces were proposed to bridge the gap between the two 
roughness limits.   
 The effects of chemical composition on the refractive indices of soot were 
assessed by measuring the reflection coefficients from compressed soot pellets over the 
range of wavelengths 0.32 to 1.1 mμ  [15]. Three different pellets corresponding to two 
fuel equivalence ratios (φ  = 1.8 and 2.4) of a premixed propane/oxygen flame and to one 
fuel equivalence ratio (φ  = 2.6) of an acetylene/oxygen flame. It was observed that the 
refractive indices depend strongly on the fuel equivalence ratio of the same flame and to 
a smaller degree on the type of fuel.   
 The effects of surface roughness on the evaluation of the optical properties of 
materials by the reflection method were reviewed [16]. Angular reflection measurements 
were made on a carbon rod with different roughness levels at a wavelength of 3.5 
microns. It was shown that when the ratio of the angular reflectances in both the planes of 
polarization is used in the data inversion, the optical properties could be accurately 
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inferred even if the reflecting surface had a very low specularity index. Data were 
inverted for the real and imaginary parts of the refractive index using the appropriate 
functions for smooth and rough surfaces. The agreement between Fresnel equations and 
the measured reflectivities was found to be progressively better for the increase in the 
specularity index. It was demonstrated that the real and imaginary parts of the complex 
refractive index of a material with a nonspecular surface could be determined when the 
ratio of the polarized angular reflectances is known.  
 A technique was developed that provides the maximum sensitivity of the 
reflection technique for the determination of the optical properties of the materials for a 
given method of measurement [17]. Theoretical relations are presented that give the 
maximum sensitivity of the technique for a given range of angles and refractive indices. 
The first method was the reflectance ratio at two different angles of incidence. The other 
method was the measurement of the reflectivities in both planes of polarization at one 
angle of incidence where the optimum angle was determined by maximizing the 
sensitivity. It was shown that the first method has more sensitivity in comparison to the 
second method. The results were confirmed by inverting theoretically predicted data 
perturbed by a given percent error and from the angular reflection measurements on the 
carbon rod surface in the angular range of and and inverting the data in three 
different ways. It was concluded that the choice of the angles of incidence for the 
reflection method to yield reliable refractive indices is critical. The optimum angles of 
incidence for the reflectance ratio method were found to be in the range of to and 
to for the range of refractive indices considered and the optimum angle for the 
second method was found to be in the range of and .  
025 075
045 060
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1.2 Surface Roughness Description 
1.2.1 Surface Topography 
 
In general surfaces are 2-dimension in terms of roughness topography. However, 
for simplicity, the discussion her will focus on 1-D profile. Such a surface topography is 
shown in Figure 1.2.1.1. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2.1.1 Surface topography parameters for a rough surface. 
 
There are different parameters to describe the surface topography. The important 
parameters are the root mean square average slope qΔ , root mean square roughness σ , 
correlation length α . The root mean square roughness σ  defined by  
dxxz
x
x
2
0
2 )]([1 ∫=
α
ασ  ………………………………………………………………… (1.1) 
Here z(x) is the distribution function and α  is the correlation length in the x-direction, 
which is defined as  
∫∫ =+ xx dxxzedxxzxz x
αα
α
0
2
0
)]([1)()(  …………………………………………………… (1.2)  
 
 For the 2-D case, the root mean square roughness is defined as  
( )[ ] dxdyyxzy x
yx
2
0 0
2 ,1 ∫ ∫=
α α
αασ   ……………………………………………………….. (1.3) 
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where xα , yα  are the correlation lengths in x and y directions respectively.  
The root mean square average slope is given by  
( )∑
=
Δ=Δ
N
i
iN
q
1
21  …………………………………………………………………... (1.4) 
where ( )321123
0
945459
60
1
−−−+++ −+−+−=Δ iiiiiii ZZZZZZd  ……………………… (1.5) 
where  is the sampling interval between the profile points and N is the number of 
spacings in the evaluation length. If  
0d
ε  and σ  are independent of x and y the surface is 
said to be stationary and if the height and slope distribution are Gaussian, then the surface 
is said to be randomly rough. It is customary to characterize the degree of roughness of 
surface by comparing the root mean square roughness   to the wavelength of the incident 
radiation. Thus, a  real surface is said to be optically rough, if the wavelength λ of the 
incident electromagnetic wave is much smaller than the root mean square roughness σ , 
whereas the surface is said to be optically smooth, if the wavelength λ  of the incident 
electromagnetic wave is much larger than the root mean square roughness σ  of the 
surface profile (see Fig 1.2.1.2, 1.2.1.3). 
 
 
 
 
 
 
 
Figure 1.2.1.2 Optically rough surface                  Figure 1.2.1.3 Optically smooth surface  
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1.2.2 Mathematical Models For Surface Roughness Effects  
 
Roughness effects are important in determining the spectral radiative properties of 
material. Since the smooth material with infinite conductivity has the reflectivity of one, 
the mathematical models predict the deviation of the reflectivity from unity due to the 
diffuse nature of the surface. The reflectivity of a rough surface with infinite conductivity 
can be predicted by the complete models proposed by Davies (1954)[21] and Beckmann 
and by Spizzichino (1987)[21]. Both of these models require the root mean square 
roughness (σ ) and the correlation length (α ). Davie’s model is restricted to small slopes 
and to the limiting cases of a very small and very large optical roughness and for a 
material with infinite conductivity, Davie’s model predicts the bidirectional reflectivity as    
( ) ωθλ
απρ Δ⎟⎠
⎞⎜⎝
⎛+= − cos
2
fe fD ……………………………………………………….. (1.6) 
where the first and second term represent the specular and diffuse component of the 
reflected radiation respectively. The term ωΔ  represents the solid angle of the detection 
optics, which is defined by the monochromator slit opening , the distance from the 
reflection surface R, and the angle of incidence 
sA
θ  ( )( )2/cos RAs θω =Δ , where the angle 
of incidence is measured from the normal of the mean surface plane of the sample.  
                              
 
                                             
 
 
 
 
 
 
Figure 1.2.2.1 Solid angle of the reflected electromagnetic wave 
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The relation between the factor , the ratio f ( )λσ /  and the angle of incidence θ  is given 
by  
( ) 2]cos4[ λ
σθπ=f ………………………………………………………………….... (1.7) 
Houchens and Hering[8] suggested a more simplified relation for the reflectivity of rough 
surface with broader range of roughness  based on the Beckmann and Spizzichino model, 
which is given by 
( )
⎥⎥⎦
⎤
⎢⎢⎣
⎡ Δ⎟⎠
⎞⎜⎝
⎛+= ∑∞
=
−
1
2
!.
cos1
m
m
f
BS mm
fe ωθλ
απρ …………………………………………….. (1.8) 
 The assumption that the distribution of the height of surface irregularities is Gaussian 
about the mean. Both Davies and Beckmann and Spizzichino models can be reduced to 
specular components for slightly rough surfaces with finite conductivity and is given by 
[22] 
( )
⎥⎥⎦
⎤
⎢⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛−=
2
cos4exp λ
σθπρs …………………………………………………………. (1.9) 
The equations for the reflectivity of smooth surfaces based on the Electromagnetic theory 
and their application to rough surfaces is presented in the sections that follow. 
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Chapter 2. Background  
2.1 Interaction of Electromagnetic Radiation with Material Surfaces 
                           
The interaction of the electromagnetic wave with matter is fully described by Maxwell’s 
equations. For an isotropic medium under the conditions of no accumulation of static 
charge these equations are (see for example Siegel and Howell [19]) 
ert
EEH +∂
∂=×∇ γ   ………………………………………………………………….. (2.1) 
t∂
∂−=×∇ HE μ   …………………………………………………………………….. (2.2)  
0=⋅∇ E   …………………………………………………………………………..... (2.3)    
 
0=⋅∇ H   ……………………………………………………………………………. (2.4) 
 
Here H is magnetic intensity vector (C/m.s), E is the electric intensity vector (N/C), γ  is 
the electrical permittivity ( ),22 ./ mNC μ  is the magnetic permeability ( ),  is 
the electrical resistivity ( ). The coordinate system x, y, z, is fixed to the path 
of a wave propagating in the x-direction as shown in the figure 2.1.1. For simplicity a 
plane wave is considered where all the quantities concerned with the wave are constant 
over any y-z plane at any time. Hence  
22 /. CsN er
22 /.. CsmN
0=∂
∂=∂
∂
zy
 ……………………………………………….......................................... (2.5) 
and the equations (1) to (2) reduce to  
 
0=∂
∂
t
Exγ  , 
t
E
x
H yz
∂
∂=∂
∂− γ , 
t
E
x
H zy
∂
∂=∂
∂− γ  ……………………………….............. (2.6) 
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∂− μ  ………………………………….. (2.7) 
 
0=∂
∂
x
Ex , 0=∂
∂
x
H x  ………………………………………………………… ……….. (2.8) 
the H components are eliminated to yield  
2
2
2
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x
E
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E yy
∂
∂=∂
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2
2
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E
t
E zz
∂
∂=∂
∂μγ  …………………………………………………. (2.9) 
These wave equations govern the propagation of  and  in the x-direction. For the x-
components of E and H, from the equations (2.6), (2.7), (2.8)        
yE zE
0=∂
∂=∂
∂=∂
∂=∂
∂
x
H
t
H
x
E
t
E xxxx  …………………………………………………..…... (2.10) 
Hence, the electric and magnetic intensity components in the direction of propagation are 
steady and independent of the propagation direction x . Since the component  is 
normal to the x-direction of propagation, the wave is a transverse wave and its general 
solution is given as  
yE
⎟⎟⎠
⎞
⎜⎜⎝
⎛ ++⎟⎟⎠
⎞
⎜⎜⎝
⎛ −= μγμγ
txgtxfEy  ………………………………………………….. (2.11)  
here  and are any differentiable functions. The  represents the propagation in the 
positive
f g f
x  direction, while accounts for the propagation in the negativeg x - direction. 
Considering the wave moving in the positive direction  becomes yE
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −= μγ
txfEy  ………………………………………………………………...... (2.12) 
represents a wave with y component  propagating in the positive yE x  direction with 
speed μγ
1=V . In vacuum, 0μμ = , 0γγ =  and 0cv = , the phase velocity becomes  
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0
1
γμ=c  ………………………………………………………………………… (2.13)  
The companion magnetic wave is given by  
2
2
2
2
x
H
t
H zz
∂
∂=∂
∂μγ  …………………………………………………………………... (2.14) 
yE
zH
x
y
z
Hence, the  component of the magnetic field propagates along with  as shown in 
the figure 2.1.1 . 
zH yE
 
 
 
 
 
Figure2.1.1 Electric field wave polarized in x-y plane, traveling in x direction with                                 
companion magnetic field wave 
 
Any propagating waveform as designated by the function can be represented as using 
the Fourier series as a superposition of waves, each wave having a different fixed 
wavelength [20]. Only one such spectral wave is considered and any waveform could be 
built up from a number of spectral components. Using complex numbers to represent the 
wave component of the incident wave, at the origin, for a conducting medium    
becomes  
f
yE
⎟⎟⎠
⎞
⎜⎜⎝
⎛−⎥⎦
⎤⎢⎣
⎡
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −= kx
c
x
c
ntiEE yMy
00
expexp ωω  ……………………………………….... (2.15) 
Here, the term ⎟⎟⎠
⎞
⎜⎜⎝
⎛− kx
c0
exp ω represents the attenuation of the incident wave due to 
absorption effects, where k is the extinction coefficient of the wave in the medium The 
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form of the attenuation exponent is chosen so as the exponential terms combine into the 
relation  
( )
⎭⎬
⎫
⎩⎨
⎧
⎥⎦
⎤⎢⎣
⎡ −−=
0
exp
c
xikntiEE yMy ω  ……………………………………………….... (2.16) 
Here, the represents the complex refractive index, )( ikn −
iknm −= …………………………………………………………………………... (2.17)  
 
For Conducting (dissipative media) Equation (2.9) takes the form  
t
E
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E
t
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e
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∂ μμγ 2
2
2
2
 ………………………………………………………….. (2.18) 
Substituting the wave amplitude given by equation (16) into (18) gives  
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Equating for real and imaginery parts yields, 
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The index “m” is considered as the general form of the refractive index. For a dielectric 
 and , therefore ∞→er 0=k nm = . Thus, the complex refractive index contains the 
information about the phase velocity and dissipative nature of the medium. In the section 
that follows the concept of polarization is introduced and the relations for the 
reflectivities from a conducting, optically smooth surface are discussed.  
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2.2 State of Polarisation and Reflectivities 
 
            The interaction of electromagnetic wave with an interface causes a sudden change 
in the refractive index and the analysis can be done by orienting the two components of 
the vectors E and H in a certain orientation with respect to the plane of incidence. The 
plane of incidence is determined by the normal to surface of reflection and the vector 
defining the direction of the incident beam. See figure 2.2.1.       
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2.1. Interaction of Electromagnetic beam with the medium at the interface of 
medium 1 and medium 2 
 
The component of either electric or magnetic vectors which lies in the plane is defined as 
the parallel component ( , ) and either of the component which is orthogonal to this 
plane is called the perpendicular component ( ,  ). The subscripts || and  represent 
the polarization parallel and perpendicular to the plane of incidence. As the electric field 
vector is perpendicular to the magnetic field vector, there are two pairs of vectors 
||E ||H
⊥E ⊥H ⊥
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resulting ( )⊥HE ,||  and ( )||, HE⊥ .  The magnitude and direction of propagation of the 
reflected wave can be determined by applying the boundary conditions to the field 
equations. Assuming that there are no surface charges and for a non-magnetic material, 
the boundary conditions are given as  
( ) 0ˆ.12 =− nHH  ……………………………………………………………………... (2.22)   
                                
( ) 0ˆ12 =×− nHH  ………………………………………………………………….... (2.23)  
 
( ) 0ˆ.1122 =− nEE γγ  ………………………………………………………………….. (2.24) 
( ) 0ˆ12 =×− nEE  …………………………………………………………………….. (2.25) 
where  is the surface normal. nˆ
The energy carried by the electromagnetic wave is given by the Poynting vector which is 
given by the cross product of the electric and magnetic intensity vectors. 
⊥+=×= SSHES
vvvvv
||  ……………………………………………………………….... (2.26) 
where 2||
0
|||| Ec
mHES μ=×= ⊥
vvv
 …………………………………………………….. (2.27) 
and    2
0
|| ⊥⊥⊥ =×= Ec
mHES μ
vvv
  ……………………………………………………. (2.28) 
For the reflected beam of electromagnetic wave, the amplitudes may be determined for 
the two components of polarization of each field i.e., both electric and magnetic field 
vectors ( ⊥EE
vv
,||  and ⊥HH
vv
,|| ). 
As the reflectivity is defined as the ratio of reflected intensity to the incident intensity of 
the electromagnetic waves, the reflection coefficients in both planes of polarization are 
given as  
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In this study, the refractive index of air is 1=m  and for the sample of the medium 
iknm −= , the reflectivities are given by the Fresnel equations as [19]  
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where 
( ) ( 2/122 sin θ−=− miba )  …………………………………………………………... (2.33) 
( )[ ] ( )θθ 2222/12222222 sin4sin2 −−++−−= knknkna  ……………………….... (2.34) 
( )[ ] ( )θθ 2222/12222222 sin4sin2 −−−+−−= knknknb   ………………………… (2.35) 
The reflectivities for the dielectric media are determined by the same equations by letting  
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These equations assume optically flat interfaces. However real surfaces exhibit roughness 
of variable degree. Thus, the influence of roughness on the reflected energy along with 
the mathematical models for the prediction of reflectivities from rough surfaces are 
presented below. The angular reflectance of the rough surface could be expressed as the 
product of surface roughness and material dependent quantities 
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( θλσθρλσθ ,,,, 0 mRmR ⎟⎠⎞⎜⎝⎛=⎟⎠⎞⎜⎝⎛ ) …………………………………………………….. (2.38) 
where ( )θ,0 mR  is the reflectivity of the smooth surface evaluated from the Fresnel 
equations given by the equations (2.36), (2.37). The factor ⎟⎠
⎞⎜⎝
⎛
λ
σθρ , could be given by 
either of the Davies model or Beckmann and Spizzichino model. Since both components 
of polarization are required in the reflection method, Equation (2.38) is employed in both 
the planes of polarization. It was verified that the roughness factor ρ may be assumed to 
take same value in both horizontal and vertical planes of polarization and hence the 
relations for the reflection coefficients are given by 
||,0|| RR ρ=  …………………………………………………………………………… (2.39)  
⊥⊥ = ,0RR ρ  ………………………………………………………………………….. (2.40) 
Taking the ratio of equations (2.39) and (2.40)  
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Thus to a very good approximation the reflectance ratio of the rough surface is the same 
as that from a smooth surface for the same material. The optical quality of the surface can 
be determined by measuring the ratio of   at the angle of incidence of 45 degrees 
and from the Fresnel equations it is given by 
||
2 / RR⊥
1
045||
2
=
=
⊥
θR
R   ……………………………………………………………………….. (2.42) 
Since the Specularity index (S.I) is independent of the refractive index of the material, the 
amount of deviation of the specularity index from unity gives us the degree of surface 
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roughness. Combining the Equations (1.9), (2.39), (2.40) and (2.42) specularity index can 
be written as  
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The limits of the above relation can be noticed as the root mean square roughness 
0→σ ,  and 1.. →IS ∞→σ , . The scheme for the inversion of experimental 0.. →IS
data to infer the optical properties of the samples is presented below. 
2.3 Data Inversion  
 
A non-linear optimization procedure is used to analyze the data. The objective function 
used is given by  
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1
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where n is the number of experimental data points and and are the theoretically 
predicted and measured Fresnel coefficients. Various functional forms used for the data 
inversion are 1) 
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The initial guesses for the values of the index are chosen based on previously determined 
values used by the other researchers [15]. The values for both parts of the index are 
inverted by using these methods. The one that provided the lowest percent difference 
between the predicted and measured values of the reflectivities is chosen to be the 
representative (n, k) for that particular data set. The details for selecting the most 
appropriate form for the data inversion are given in Appendix B. Finally, the void 
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correction factor (φ ) is applied to correct the inverted values of the index for the different 
samples and the corrected values for n and k are determined.  
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Chapter 3. Calibration of Experimental Equipment 
 The specific components of the experimental facility and their calibration are 
described in this chapter. In addition, the detection and amplification system are 
presented. Furthermore, different optical components that constitute the focusing and 
detection optics are detailed. The major components of the experimental facility are a) 
Goniometer, b) Light Source, c) Detection System, and d) Amplification system. 
3.1 Goniometer 
 
The goniometer consists of a fixed platform and two rotating bases. The inner base 
supports the sample holder (SH), whereas the outer base (RB) supports the housings of  
visible and infrared light sources. The light source is rotating with twice the speed of the 
sample holder. As a result, the incident light beam on the front surface of the sample is 
reflected along the same direction for all angles of incidence. This characteristic allows 
the collection optics to be mounted on fixed positions on the goniometer base and renders 
the measurements less cumbersome.  The base of the goniometer and the motorized  
 
 
Table 3.1.1 Rotary Table Speed Settings 
Setting 
Speed of rotation
Seconds/angle 
High                    HH 15 
Medium High      HL 30 
Medium               LH 150 
Low                     LL 300 
 
controls were obtained from an X-ray machine, model 11GN1 of General Electric. The 
speed of the rotating arms can be set at four different values as shown in the Table 3.1.1. 
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As it was mentioned earlier, the light sources can be mounted on the outer rotating arm 
(RB). A Monochromator Illuminator Housing (MIH), model 60020 ORIEL is firmly 
attached to the rotating arm.  
3.2 Light Source 
 
Quartz Tungsten Halogen (QTH) lamps are popular visible and near infrared sources 
because of their smooth spectral curve and stable output. They emit small amounts of  
Ultraviolet (UV) radiation.  These QTH lamps use a doped tungsten filament inside a 
quartz envelope. They are filled with a rare gas and a small amount of halogen. In all the 
tungsten filament lamps, the tungsten evaporates from the filament and is deposited on 
the inside of the envelope. This blackens the bulb wall and thins the tungsten filament, 
gradually reducing the light output. With the tungsten halogen lamps, the halogen gas 
effectively removes the deposited tungsten and returns it to the hot filament, leaving 
inside of the envelope clean and providing greater long term stability. This thermo 
chemical process is called the Halogen Cycle and it greatly increases lamp life. The 
characteristics of the light sources shown in Table 3.2.1. An iris diaphragm with 
minimum and maximum openings of 1 to 25 mm is used in front of the collimator of the 
housing to control the beam width of the incident radiation. This adjustment is required to 
reduce spurious reflection contributions of the incident and reflected radiation to the 
detected signal. The light intensity that strikes the sample surface and after reflection 
reaches the photodetector is determined by placing a mechanical light chopper in the path 
of the incident radiation. 
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Table 3.2.1 Characteristics of Light Sources 
Light source 
Manufacturer/
Model 
Power Supply 
(Manufacturer/Model)
Spectral 
Range ( mμ ) 
QTH ORIEL/60020 ORIEL/68831 0.3≤ λ ≤  2.5 
 
The light chopper (EG&G model 196) is mounted at a distance of 100 mm away from the 
exit port of the illuminator housing and provides a variable chopping frequency from 5 to 
3990 Hz using two interchangeable chopper blades with 5 and 30 slots respectively. The 
chopper is used to modulate the emitted radiation from the source at a known mechanical 
frequency which in turn locks in into the reference channel of the lock-in amplifier. After 
exiting the light chopper slot the light beam strikes mirror PM1 and after reflection from 
the mirror CM1, is focused on the center of the sample which is held by the sample 
holder SH. The mirrors PM1 and CM1, are 50.8 mm in diameter first surface precision 
flat reflectors. These optics have a Pyrex substrate with an aluminum plus magnesium 
fluoride overcoat (Al-MgF-2000, manufactured by Oriel), which provides reflectivities of 
80% to 90% from 0.2 to 20 mμ . It is noted that high reflectivity for the mirror surfaces is 
essential because, for the most part, the carbon rod surfaces exhibit low reflectivities in 
both planes of polarization. This requirement becomes more pronounced for reflection 
measurements near normal incidence (less than 30 degrees) for which the reflectivities 
for dielectrics such as glass used for calibration is typically less than 15 %. The beam 
after reflection from the surface is directed and focused by mirrors PM2 and CM2 on the 
entrance slit S of the monochromator. The characteristics of the flat PM1, PM2 and 
concave CM1, CM2 reflectors are shown in Table 3.2.2. 
 
 30
  
 
 
 
 
 
 
Figure 3.2.1 Plan view of the Reflectometer system 
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Figure 3.2.2 Reflectometer system 
LS-Light source, D-Detector, LC-Light Chopper, P1,P2-Plane mirrors, C1,C2-Concave 
mirrors, SH-Sample Holder, F-Filter, P-Polariser, M-Monochromator, MS-
Monochromator slit, RB- Rotatable Base. 
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Table 3.2.2 Characteristics of mirrors 
 
Mirror 
Type 
Symbol Manufacturer/
Model 
Focal length 
(mm) 
Substrate/ 
Coating 
Flat 
PM1 
PM2 
ORIEL/44170 infinity 
Pyrex/ 
Al-Mg-2000 
 ORIEL 44410 150 
Concave 
 ORIEL 44430 200 
Pyrex/ 
Al-Mg-2000 
 
3.3 Detection System 
 
The function of the detection system is to receive the reflected radiation off the 
sample surface, disperse the reflected beam of light into narrow bands at which 
measurements need to be recorded and determined its intensity. The main components of 
the system are : Grating Monochromator, b) Photodetector, c) Filters.These elements are 
briefly described in the following section.  
3.3.1 Monochromator 
 
The grating monochromator is an Oriel, model 77250, which can be used in the 
wavelength range from 0.2 microns to 24 microns with easily interchangeable gratings. 
As suggested by the name, “monochromator”, this is an instrument designed to transmit a 
narrow band of wavelengths, i.e., one color. The transmitted wavelength can be varied 
and by steadily changing or scanning this wavelength, a spectrum may be analysed. It has 
variable entrance and exit slits that allow varying degrees of resolution. The wavelength 
readout device can be driven manually or electrically.  The calibration of the 
monochromator was carried out by using standard pencil style 6035 Hg(Ar) calibration 
lamp.  
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Figure 3.3.1.1 Typical irradiance of the pencil lamp 6035 Hg (Ar) 
 
The lamp was placed close to the entrance slit and was determined that the dial system  
was off by 6nm. This was established by comparing the locations of the maxima as given 
by the published spectrum of the lamp and the spectrum obtained from the measurements. 
The purpose of the monochromator is to receive the polychromatic radiation that is 
reflected from the sample, focused on its entrance slit by mirror CM2 and polarized by 
the polarizer. By tilting the grating at a specific angle, the desired wavelength is reflected 
to the exit slit. Different types of gratings are used in collecting data for the desired 
wavelength range. Specifications of the gratings are given in the Table below. 
Table 3.3.1.1 Grating Specifications 
 
 
Wavelength  
Range, mμ  
Manufacturer/
Model 
Reciprocal 
Dispersion
mm/mm 
Grove  
Spacing  
(lines/mm) 
0.18-0.70 ORIEL/77296 0.0064 1200 
0.60-2.0 ORIEL/77299 0.0128 600 
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3.3.2 Grating   
A typical diffraction grating consists of a substrate, usually of an optical material, 
with a large number of parallel grooves ruled or replicated in its surface, overcoated with 
a reflecting material such as aluminum. The quality and spacing of the grooves are 
crucial to the performance of the grating. Light rays A and B, of wavelength λ , incident 
on adjacent grooves at an angle I to the grating normal, this light originating from the A 
and B rays as they strike the grating. Constructive interference occurs if the path 
difference is equal to any multiple of the wavelength, i.e.,  
λmIDa =+ )sin(sin  ………………………………………………………………... (3.1) 
where m is called the order of diffraction, see Figure 3.3.2.1 
 
 
 
 
 
 
 
Figure 3.3.2.1 Pattern of the Grating 
  When a parallel beam of monochromatic light is incident on a grating the light is 
diffracted from the grating in directions corresponding to m = 0, 1, 2, 3, etc. In this 
monochromator, the input slit and collimating mirror fix the direction of the input beam 
which strikes the grating. The output collimating mirror and slit fix the angle D, as they 
determine the direction light from the grating must go to exit the monochromator. Only 
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light of wavelengths satisfying the grating equation passes through the exit slit. The 
remainder of the light is scattered and absorbed inside the monochromator. Other 
important elements of the detection system such as Bandpass and Resolution, 
Polarization, filters and detectors are briefly discussed in the following sections.  
3.3.3 Bandpass and Resolution 
 
The bandpass is the width of the spectrum passed by a monochromator when 
illuminated by a light source with a continuous spectrum. In a monochromator, the 
bandpass can be decreased by reducing the width of the slits until a limiting bandpass is 
reached. This limiting bandpass is called the resolution of the instrument. The resolution 
of the 77250 is about 0.4 nm and that of 77200 is less than 0.1 nm  with 1200 l/mm 
gratings in the visible.  
3.3.4 Polarisation of Light 
 
Light propagates as transverse electromagnetic waves. The electric and magnetic 
fields are perpendicular to the direction of propagation and to each other. Most light 
sources consist of a large number of atomic or molecular emitters. Frequently these are 
randomly oriented. The rays emitted in any direction from such a source will have 
electric fields which have no preferred orientation and these rays make an unpolarised 
light beam [21]. If a light beam is made up of rays with their electric fields oriented in the 
same direction then the beam is said to be linearly polarized. If the electric field vector 
oscillates parallel to the plane of incidence see Fig 3.3.4.1a, then the beam is said to be 
parallel polarized. On the other hand, if the electric field vector oscillates perpendicularly 
to the plane of incidence then the beam is said to be vertically polarized. A representation 
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Figure 3.3.4.1a Plane of incidence is defined by the direction of incidence and the normal 
to the interface nˆ  
 
 of the oscillation of the electric field vector is shown in figure 3.3.5.1a. The most 
frequently encountered types of polarization are linear and cicular (Figures 3.3.5.1b and 
3.3.5.1c). In the linear polarization the electric field vector oscillates within a simple 
plane, whereas in the circular polarization the electric field vector rotates with a given 
frequency. 
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3.3.5 Polariser   
 
The most familiar polarisers, polyvinyl sheet polarisers, work like the grid polarizer. 
Long chain like molecules are produced by stretching a sheet of polyvinyl alcohol. 
Absorbed iodine forms effective thin iodine wires which absorb light polarized parallel to 
the wires but transmit vertically polarized light. The transmission of the sheet and the 
polarization extinction ratio are controlled by the amount of iodine absorbed by the sheet. 
The characteristics of polarizers used in this study are shown in Table 3.3.5.1 
 
 
 
 
 
 
 
 
 
Figure 3.3.5.1a Polarisation of light 
 
         (1.b) 
 
 
 
 
         (1.c) 
 
 
 
Figure 3.3.5.1b, 3.3.5.1c Types of polarization 
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Table 3.3.5.1  Characteristics of polarizers 
 
Wavelength 
Range ( mμ ) 
Polarizer 
Type 
Manufacturer/
Model 
Extinction 
Ratio 
0.3-0.75 
Near Ultraviolet
-Visible 
ORIEL/27340 210−≤  
0.75-2.0 Near Infrared ORIEL/27360 210−≤  
 
3.3.6 Filters  
 
The exit beam from the monochromator should be monochromatic but usually 
contains undesired light of other wavelengths. Lower order diffracted beams may be 
blocked with the second order filters. Other unwanted light, like the stray light has 
several origins and should be reduced. A set of long wave pass filters is adapted to the 
exit slit of the monochromator to minimize the effect of the interference of the higher 
harmonics with the detected intensity. The filters are 1 inch in diameter and are mounted 
on a filter wheel that can accommodate up to five filters. Thus, the filters can be 
interchanged by simply rotating the wheel. The characteristics of the filters, are presented 
in the Table 3.3.6.1. 
                                       
Table 3.3.6.1 Characteristics of  Filters 
 
 
Spectral range of 
minimum 
trasmittance ( mμ ) 
Cut on wavelength 
at 50 % of 
maximum 
transmittance 
Average 
transmittance (%) 
Manufacturer/ 
Model 
0.30 – 2.0 0.3 - ORIEL/51250 
0.560 – 2.2 0.55 80 CORION/LL-550F 
0.97 – 2.2 0.95 80 CORION/LL-950F 
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3.3.7 Variable Slits 
 
The degree of monochromaticity of the light beam is controlled by the use of slilts 
with vatiable slit width adjustable from 0 to 3.2 mm. The minimum usable slit width is 
less than 50 mμ . The bandpass of the variable slits ranges from 0.5 nm to 20 nm using the 
1200 line/mm grating. The variable slits have calibration marks every 0.1 mm.  
3.3.8 Photodetectors  
 
Measurements over a broad range of the spectrum requires proper matching of the 
light sources and detectors. The matching of the detectors to the light source consists of 
the selection of detector type, that has specular response providing maximum overlap of 
the spectral response of the detector and the emission spectrum of the light source. The 
detector used here is the photomultiplier tube for the visible and near infrared spectral 
ranges. The characteristics of the photomultiplier tube are presented in the given table. 
Table 3.3.8.1 Characteristics of Photomultiplier tube 
Avg Anode Avg Anode Detector 
Model 
Wavelength 
Range mμ  Anode to Cathode Current 
(mA) Voltage (Vdc) 
Current 
(mA) 
PMT 1P28 0.3 – 1.1 1250 0.1 0.1 
 
3.4 Amplification System  
 
After dispersion, the reflected light is detected and amplified by the 
photodetector, the signal is further amplified by a current preamplifier, EG&G model 
5002, with selectable sensitivity levels in the range of 100 nA, 10 Aμ  and 1mA with D.C 
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output gain of Amp/Volt,  Amp/Volt and  Amp/Volt respectively. The 
amplified signal is finally processed by an EG&G model 5207 Lock-in Amplifier, with a 
1 
810− 710− 610−
Vμ to 5.0 V rms sensitivity and a three digit display gives the resultant intensity in 
Volts.  
3.4.1 Signal to Noise Ratio 
 
Several factors may affect the signal to noise ratio of the reflectometer technique. 
The signal refers to the intensity which originates from the source and received by the 
detector by reflection from the sample. The magnitude of the signal is influenced by the 
power of the light source and the reflectivity of the sample. Hence, a rough sample will 
decrease the signal to noise ratio as it diffuses the reflected radiation. The noise in the 
signal consists of different components and can be separated as (a) noise in the light 
signal and (b) noise in the detector. Noise in the light signal may come from the 
background sources like the room lights and sample emission due to thermal radiation. 
Sample emission is negligible for room temperature measurements but can become 
significant for high temperature studies. Random source intensity are also considered as 
noise. Noise in the photomultiplier tube is caused by the electrical noise associated with 
the anode dark current. In spectral regions where the radiant sensitivity of the 
photomultiplier tube is low, the signal reaching the anode will decrease, and therefore the 
signal to noise ratio will deteriorate. The use of the lock-in-amplifier system minimizes 
the undesirable components to the noise. This is accomplished by filtering out (rejecting) 
all components of the signal that do not carry the frequency assigned to the beam by the 
light chopper. In this study the light chopper was operated at 500 Hz.  
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3.5  Reflectometer System Performance 
The performance of the system was tested with a standard glass sample of high 
optical quality surface and known optical properties. 
Using this sample the system was tested with two different ways : (1) Brewster 
angle, and (2) using full angular reflectance data, and determining the optical properties 
of the known sample.   
3.5.1 Brewster Angle 
Brewster angle is defined as that angle of incidence which satisfies the relation 
( )( )n1tan −=βθ . Physically, it means that the parallel components of the reflectivity 
corresponding to possesses its minimum value. For dielectric materials ( , the 
brewster angle corresponds to a zero value for the parallel component of reflectivity 
)0=k
( )||R . 
Radiation reflected from the energy incident at this angle is all perpendicularly polarized. 
This is used for calibrating the positions of the polarizing films with respect to the 
incident polarization orientation. For conducting materials ( )0≠k , the minimum value of 
the parallel component of reflectivity exists. The value of   is positive as the direction 
of the refracted and reflected wave are no longer perpendicular to each other. This 
property was utilized to verify the consistency of the results for the performance tests. 
From the data the Brewster angle is and n = 1.47. 
||R
055=βθ
3.5.2 Full Angular Reflectance Data  
The data obtained for both components of the reflectivities Rpar and Rper are 
shown below. In these Figures the dotted lines represent the components of the 
reflectivities in the planes parallel and perpendicular to the plane of incidence whereas  
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Figure 3.5.2.1 Variation of the Parallel and Perpendicular reflectivities for Glass with  
angle of Incidence at a wavelength of 600 nm 
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Figure 3.5.2.2 Variation of the Parallel and Perpendicular reflectivities for Glass with 
angle of Incidence at a wavelength of 700 nm 
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Figure 3.5.2.3 Variation of the Parallel and Perpendicular reflectivities for Glass with 
angle of Incidence at a wavelength of 800 nm. 
 
the solid lines represent the predictions in the respective planes of polarization. The solid 
lines were inferred using the Fresnel’s equations whereas the refractive indices used are 
those inferred from the data inversion. The agreement between theory and experiment is 
excellent in the entire angular range. The inferred properties were within 2.9 % from the 
reported value. This confirms that the reflectometer system performs satisfactorily. 
Although the spectral range is limited, the specularity index, as expected, increases with 
wavelength. The relatively high values of specularity index confirms the high degree of 
specular nature of the surfaces. 
 
Chapter 4. Sample Preparations And Experiment Procedure 
 
This chapter includes : a) the description of the procedure for sample preparation,  
b) The r.m.s and correlation lengths measurements for the carbon rod and metallic 
surfaces. The use of two different materials is justified for the following reasons :  
a) Carbon rod material is soft (graphite like), b) whereas metal is much harder material. 
As such, very different roughness levels are expected to be induced using the various 
sand papers and aluminium powders ; and b) These two samples have very different 
optical properties. Thus, they are suitable for testing the viability of the method, namely 
that the use of the reflectance ratio 
⊥R
R||  as function of θ  can yield the optical properties 
for rough surfaces.  
4.1 Procedure for Sample Preparation   
 
Carbon rod is made from carbon particles of 10 μm size particles mixed with 
appropriate binding materials and compressed at high pressures of the order of 15000 psi 
and high temperature of . After subjected to high temperatures and pressures 
passed through the baking stages and cooled by normal cooling.  
F04800
In order to assess the roughness effects on the inference of radiative properties 
different roughness levels were induced on the surfaces of the samples used for the 
measurements in this study. The emery papers used for polishing the sample surface are 
manufactured using the nearly monosized grain sizes. The surface roughness distribution 
of the finished surface is expected to be close replica of the distribution of the grain sizes 
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that constitute the surface of the polishing paper. Sanding is done on all surfaces utilizing 
sandpapers of 400, 600 and 800 grit in the same order. The sand papers used are for 
metallurgical purposes, placed on a special table with a polishing wheel controlled by 
electric motor. Also, water flow was allowed on the surface of the paper during the 
polishing operation. After the samples are polished with the 800 grit sand paper, they are 
polished with alumina powder solutions with the polishing cloth on the wheel. The 
alumina powders of sizes 5 microns and 0.05 microns were used. Care is taken that for 
each size of the alumina powder used a different cloth was used for polishing. The range 
of sizes used were 800 grit (9-12 microns), 5 mμ , 1 mμ , 0.3 mμ  and 0.05 mμ . For each 
size used for polishing the sample, the 400, 600 and 800 grit sand papers were used in the 
same order and next 5 microns alumina powder and so on to the size required is achieved. 
The wheels used have adjustable speeds for different finishing purposes.  
4.2 Carbon Rod Preparation  
 
 A solid amorphous carbon rod of 10 mm diameter and 10 mm long of 99.99% 
carbon content is fitted in a steel holder made specifically for this purpose. The holder 
consists of a block of steel with a cylindrical hole of 10mm diameter bored through its 
center with a set screw for fastening the carbon rod in place. The whole assembly (carbon 
rod and holder) is subjected to the same surface treatment process to induce the 
roughness, starting with 400 grit silicon carbide paper followed by the alumina solution. 
After the polishing, statistics from the profiler were obtained and reflectivity experiments 
at various wavelengths over the angular range of  to   10% sodium hydroxide 
solution is used to avoid the contamination of the surface of the carbon rod during polish.  
025 075
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4.3 Preparation of Metal Surfaces  
 
Metal samples are prepared from a steel rod cut into 10 mm diameter and 10 mm 
long is fitted into a holder made specifically for this purpose and polished along with the 
holder. The whole assembly is polished with silicon carbide paper and acetone was used 
to avoid any particles on the surface. Roughness was induced on the steel sample starting 
with 240 grit paper then performing the reflectivity experiments and taking the statistics 
and then the steps are repeated to obtain each specific roughness.  
4.4 Optical Profilometry for the R.m.s Values and Correlation Lengths 
 
The different levels of the sample surfaces were measured using an optical 
profilometer. Wyko surface profiler system is non-contact optical profiler used to 
measure a wide range of surface heights. Vertical Scanning interferometry (VSI) mode is 
used to measure the rough surfaces and steps up to several millimeters high. The details 
of the profilometer as well as the quantities measured are given in Appendix A. The 
results for correlation lengths, rms roughness and slopes are presented below. The results 
for the correlation lengths suggest that for both samples : the surfaces may be considered 
1-D to within  25 %.  On the other hand the rms values for the carbon rod surface are 
higher than those of the steel sample.  
This is attributed to the fact that the metal is much harder than the carbon rod 
material. In addition the carbon rod surface is a two phase material, void filled with air 
and solid. Carbon, as such, effectively possesses a higher degree of roughness. 
Furthermore, it is also observed that the 800 grit polished sample possesses a lower 
roughness see Table 4.4.3. This may be attributed to the fact that the inherent surface 
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void of the sample surface might have been reduced due to the filling with very small 
carbon particles produced during the polishing process. On the other hand, as may be 
seen from Table 4.4.4 the rms roughness values for the steel sample have the expected 
trends: increased roughness levels with increasingly longer grit size.   
Table 4.4.1 Correlation lengths of carbon rod samples 
 
Polishing size 
used (um) 
Correlation 
length xα (um) 
Correlation length 
yα (um) % Difference 
0.05 31.45 26.74 14.9 
5 30.98 31.22 0.7 
600 grit 34.99 30.12 13.91 
400 grit 35.73 31.17 11.25 
 
 
Table 4.4.2  Correlation lengths of steel samples 
 
Polishing size 
used (um) 
Correlation 
length xα (um) 
Correlation 
length yα (um) % Difference 
0.05 35.09 26.45 24.6 
0.3 28.40 24.11 15.1 
5 28.71 27.80 3.1 
400 grit 30.76 25.64 16.6 
240 grit 28.09 36.73 3.1 
 
 
Table 4.4.3  rms roughness for carbon samples 
 
Polsihing size (um) r.m.s roughness (um)
0.05 0.353 
5 0.309 
600 grit 0.266 
400 grit 0.237 
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Table 4.4.4 Rms roughness for steel samples 
 
Polsihing size (um) r.m.s roughness (um) 
0.05 0.025 
0.3 0.034 
5 0.06 
400 grit 0.136 
240 grit 0.232 
 
Table 4.4.5 Slopes of the surface profile in terms of gradient for the carbon rod sample 
 
Polishing size Slope (rms) used (μm) 
0.05 0.018 
5 0.01 
600 grit 0.013 
400 grit 0.008 
 
Table 4.4.6 Slopes of the surface profile in terms of gradient for the steel sample 
 
Polishing size Slope (rms) used (μm) 
0.05 0.007 
0.3 0.005 
5 0.003 
400 grit 0.004 
240 grit 0.045 
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4.5 Reflection Measurements Procedure  
 
All the samples undergo the same procedure when the measurements are taken. 
The samples are placed in a predetermined position and orientation in the sample holder 
(SH) of the goniometer table so that the center of the beam strikes the center of the 
sample surface. The signal processing system is allowed to warm up to minimize 
fluctuations in the measurements. The light source is turned on and the diaphragms are 
adjusted to provide the desired beam width which typically has the diameter of 1/16th of 
an inch. The chopper is set to the 500 Hz chopping frequency and the chopper signal is 
fed into the Lock-in Amplifier. The entrance and exit slits of the monochromator are 
opened to 0.4 mm to avoid saturation of the detector used (PMT). The openings of the 
slits and the setting of the high voltage power supply are adjusted simultaneously to avoid 
signal overload of the Lock-in Amplifier. At this point, the goniometer system is placed 
in a straight through mode with the sample removed from the sample holder. Usually a 
warm up period of atleast 12 hrs is necessary irrespectively of the light source and 
detector used.  
Once the stability is attained, the alignment is checked by placing the sapphire 
sample in the sample holder to determine its specularity index (SI) at different 
wavelengths and making a test run just like with a carbon rod sample. If the results of the 
SI and sample run show to be accurate, a run with the unknown samples can be made. If 
the test run results are unsatisfactory, the whole setup must be checked for alignment and 
the test run repeated.  
The reference intensities  in the straight through mode for the parallel and 
perpendicular components of the reflected radiation are first measured. The polarizer is 
0I
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set in the predetermined position to allow either parallel or perpendicular component of 
the radiation to be transmitted through it. The electric motor is turned on and turns the 
goniometer table at an angular speed of 0.033 degrees per second. Once the data for the 
angular range and one particular polarizer orientation are taken, the table is turned back 
to the starting position and the polarizer is turned by  to allow the data collection for 
the second component of polarization and the process is repeated. Once both runs for the 
different radiation components is recorded, the goniometer table is brought back to the 
straight through mode, the sample is removed from  the SH and the reference intensities 
for both components, recorded again. The average of the two intensities is used as the 
reference intensity.   
090
4.6 Correction for Multiple Reflections  
 
For the standard glass samples, care was exercised to correct the measurements 
for multiple second surface reflection. Based on the schematic shown below.  
Figure 4.6.1 Second surface reflections from the glass 
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The total reflectivity R is defined as  
R= Radiation Flux leaving top surface / Incident Radiation 
 ( ) ⎥⎦
⎤⎢⎣
⎡
−
−+= 22
22
1
11 τρ
ρτρ  …………………………………………………………………...  (1) 
where τ  is the transmission through the glass given by  
 
tKLe−=τ  .........................................................................................................................  (2) 
 
Here K is the absorption coefficient of the glass given by 
 
λ
πkK 4=   ......................................................................................................................... (3) 
where k is the absorption index.  
and is the total path length. Assuming that the diameter of the sample is D and the 
angle of refraction is 
tL
β  than from the schematic the number of reflections NR will be 
iLDNR 2/=   
where hLi )tan(2 β=  
This yields an expression for given by  tL
β2sin1
2
−
= hLt  ….…………………………………………………………………...  (4) 
Thus, total reflectivity can be calculated from the following relation   
( ) ( ) ⎥⎥⎦
⎤
⎢⎢⎣
⎡ +−+= ∑
=
NNR
N
R
2
1
22 11 ρτρρτρ  …………………………………………………... (5) 
for both planes of polarization.      
 
 
 
 
 
 51
Chapter 5. Results and Discussion 
 
 The results for the carbon rod samples and the steel samples are presented in this 
chapter. Reflectivity measurements as function of the angle of incidence were carried out 
in the angular range 25 to 75 degrees in both planes of polarization. The data were 
inverted using equation (Equation 2.44) for the optical properties (n, k) of the sample. In 
addition the specularity index (Equation 2.43) was calculated and is presented in this 
chapter. For clarity purposes only the final results will be represented in this chapter and 
the detailed results for both samples will be included in Appendix D. 
 
5.1 Carbon Rod Results  
 
 The specularity index variation with respect to the wavelength λ is shown Figure 
5.1. As expected the specularity index increases with the wavelength. It is interesting to 
note that the specularity index increases with the grit size of the polishing medium. This 
trend may be attributed to the fact that the carbon rod is relatively soft material. As such 
the larger the grit size results in removal of large “particles” during the polishing process 
which in turn fill the possible “voids” on the surface of the rod. This yields a smoother 
surface and hence to a higher specularity index. Furthermore, as may be seen from 
Figures 5.2, 5.3 and 5.4 the inferred optical properties are virtually independent of the 
specularity index. This implies that for this type of material and the range of roughness 
levels encountered the method of data inversion as given by Equation 2.44 applies 
satisfactorily on this case.  
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Figure 5.1 Variation of Specularity Index with λ  for carbon rod samples polished 
with different grit size 
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Figure 5.2 Variation of real and imaginary parts of the Index with Specularity Index  
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Figure 5.3 Variation of real and imaginary parts of the Index with Specularity Index  
at λ = 600 nm
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Figure 5.4 Variation of real and imaginary parts of the Index with Specularity Index  
at λ  = 800 nm 
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5.2 Steel Sample Results 
 
 The variation of specularity index with grit size and wavelength is shown in  
Figure 5.5. As may be seen the larger grit (240 grit) yields a lower specularity index. This 
is to be expected since steel is harder material and as such the induced surface roughness 
by a larger grit is not reduced during the polishing process as was the case for the soft 
carbon rod sample. It may be seen that no significant variation in specularity index takes 
place with wavelength increase. Furthermore, the inferred refractive indices (Figures 5.6, 
5.7, 5.8, 5.9 and 5.10) do not show any conclusive trend with specularity index.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 5.5 Variation of Specularity Index withλ for Steel samples polished with  
different grit sizes 
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Comparison of Refractive Indices with Specularity Index for Steel 1086 
 
 
Figure 5.6 Variation of real and imaginary parts of the index with respect to the S.I. of 
the sample surface for steel at λ = 400 nm 
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Figure 5.7 Variation of real and imaginary parts of the index with respect to the S.I. of 
the sample surface for steel at λ = 500 nm 
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 Figure 5.8 Variation of real and imaginary parts of the index with respect to S.I of the 
sample surface for steel λ = 600 nm 
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
0 0.2 0.4 0.6 0.8 1 1.2
SI
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
R
ea
l a
nd
 Im
ag
in
ar
y 
pa
rt
 o
f t
he
 In
de
x 
(n
, k
)
n
k
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
0 0.2 0.4 0.6 0.8 1 1.2
SI
, k
)
n
 (n k
Figure 5.9 Variation of real and imaginary parts of the index with respect to the S.I of 
the sample surface for steel 
nd
ex
e 
I
f t
h
ar
t o
in
ar
y 
p
m
ag
d 
I
l a
n
R
ea
λ = 700 nm 
 57
Figure 5.10 Variation of real and imaginary parts of the index with respect to the S.I of 
the sample surface for steel λ = 800 nm 
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Clearly, more work is required to draw definitive conclusions for the applicability of the 
inversion method for metal surfaces.  
 
5.3 Summary of Results  
 
The results of the present work may be summarized as follows  
 
a) A bidirectional reflectometer system was set up, aligned and calibrated using 
standard glass samples of high optical quality and known optical properties.   
b) Two different material samples, a soft carbon rod surface and a metal (steel 1086) 
surface were polished with different grit sizes polishing medium in the range 0.05 
mμ  and 240 grit. The polishing of the samples with different grit sizes yielded 
different roughness levels for the samples.  
c) The roughness parameters for the carbon rod σ , xα , yα  and  varied in the 
range   
qΔ
umum 36.023.0 <<σ , umum x 3530 <<α , umum y 3525 <<α , 02.0005.0 <Δ< q  
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whereas for the metallic sample the corresponding variation was as follows 
umum 232.0025.0 <<σ , umum x 4025 <<α , umum y 4020 <<α  and .    05.0001.0 <Δ< q
d) For the carbon rod surface the data inversion method (  versus ⊥RR /|| θ ) yield 
consistent results and independent of the roughness parameters. 
e) For the metallic surface no definitive conclusions may be drawn. Clearly more 
work is needed to better understand and test the applicability of the inversion 
method for this type of surfaces. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 59
References 
 
      1.   Ivan Simon., “Spectroscopy in Infrared by Reflection and Its Use for Highly  
Absorbing Substances”, J. Opt. Soc. Am, 41, 336-345(1951). 
 
2. H. E. Bennet and J.O. Porteus., “Relation Between Surface Roughness and  
Specular Reflectance at Normal Incidence”. Journal of Optical Society of 
America, 51, 123-129 (1961). 
 
3. J. O. Porteus., “Relation Between the Height Distribution of a Rough Surface and  
Reflectance at normal incidence”, J. Opt. Soc. Am, Vol 53, No.12, 1394-1402 
(1963). 
 
4. D. W. Juenker., “Digital Evaluation of the Complex Index of Refraction From 
Reflectance Data”, J. Opt. Soc. Am, 55, 295-299 (1965). 
 
5. R. C. Birkebak and E. R. G. Eckert., “Effects of roughness of metal surfaces on  
Distribution of monochromatic reflected radiation”, Journal of Heat Transfer, 87,  
85-94 (1965). 
 
6. K.E. Torrance and E. M. Sparrow., “ Off-Specular Peaks in the Directional 
Distribution of Reflected Thermal Radiation”, Journal of Heat Transfer, 88, 223-
230 (1966). 
               
7. G. W. Autio and E. Scala ., “The Normal Spectral Emissivity of Isotropic and  
Anisotropic Materials”, Carbon, 4, 13-28 (1966).    
 
8. A.F. Houchens and R.G. Hering., “Bidirectional Reflectance of Rough Metal  
Surfaces”, in AIAA Thermophysics Specialist Conference (Academic, New York 
1967), paper 67-319. 
 
9. P.J. Foster and C. R. Howarth., “Optical Constants of Carbons and Coals in the  
Infrared”, Carbon, 6, 719-729 (1968). 
 
10. Marvin R. Querry and Wayne E. Holland., “Kramers-Kronig Analysis of Ratio  
Reflectance Spectra Measured at an Oblique Angle”, Applied Optics, 13, 595-
598 (1974).  
 
   11.   V. P. Tomaselli, R. Rivera, D.C. Edewaard and K. D. Moller., “ infrared optical  
           Constants of black powders determined from the reflection measurements”,  
           Applied Optics, 20, 3961-3967 (1981).  
 
12.  J. D. Felske, T. T. Charalampopoulos and H. S. Hura., “ Determination of the  
    Refractive indices of soot particles from the reflectivities of compressed soot  
    Particles”, Combustion Science and Technology, 37, 263-284 (1984). 
 60
   13.  Carmen E. Batten., “Spectral Optical Constants of Soots from Polarized Angular  
          Reflectance Measurements”, Applied Optics, 24, 1193-1199 (1984).  
 
14.  Ralf Schiffer., “Reflectivity of a slightly rough surface”, Applied Optics, 26,  
    704-712 (1987). 
 
15.  Roberto Alfonso Hernandez Batres., M. S. Thesis, Department of Mechanical  
    Engineering, Louisiana State University (1990). 
 
16.  B. J. Stagg and T. T. Charalampopoulos., “Surface Roughness Effects on the  
Determination of the Optical Properties of Materials by the Reflection Method”, 
Applied Optics, Vol 30, No. 28, 4113-4118 (1991). 
 
17.  J. Stagg and T. T. Charalampopoulos., “Sensitivity of the Reflection technique: 
 Optimum Angles of Incidence to Determine the Optical Properties of the              
Materials”, Applied Optics, Vol 31, No.22, 4420-4427 (1992). 
 
18. Robert Siegel and John Howell., “Thermal Radiation Heat Transfer”, 4th Edition, 
Published by Taylor and Francis (2002). 
 
19. J. Robert Merham., “ Radiation Heat Transfer A Statistical Approach”, John Wiley  
      and Sons, Inc. 
 
20. Oriel Catalog vol.3., “Optics and Filters”, Oriel Corporation, (1984). 
 
21. Beckmann and Spizzichino., “The Scattering of Electromagnetic Waves from 
      Rough Surfaces”, 4th  Edition, Published by Pergamon Press (1963). 
 
 
 
 
 
 
 
 
 61
Appendix A. Optical Profiler 
 
 This appendix will describe the optical profiler and explains how rms roughness 
and correlation lengths for the surface profile data obtained.   
A1. Optical profiler 
 
 Wyko surface profiler system is non-contact optical profiler used to measure a 
wide range of surface heights. Vertical Scanning interferometry (VSI) mode is used to 
measure the rough surfaces and steps upto several millimeters high.  
 
The basic interferometric principle : light reflected from a reference mirror combines 
with light reflected from a sample to produce interference fringes, where the best contrast 
fringe occurs at best focus. In VSI mode, the white light source is filtered with a neutral 
density filter, which preserves the short coherence length of the white light and the 
system measures the degree of fringe modulation, or coherence, instead of the phase of 
interference fringes. The irradiance signal is sampled at fixed intervals as the optical path 
difference (OPD) is varied by a continuous translation of the vertical axis through focus.  
Low-frequency components are first removed from the signal, the signal is rectified by 
square law detection, then filtered. Finally, the peak of the low pass-filter output is 
located and the vertical position that corresponds to the peak is recorded.  
        The interferometric objective moves vertically to scan the surface at varying heights.  
A motor with feedback from an LVDT (Linear variable differential transformer) 
precisely controls the motion.  Because white light has a short coherence length, 
interference fringes are present only over a very shallow depth for each focus position. 
Fringe contrast at a single sample point reaches a peak as the sample is translated through 
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focus.  The system scans through focus as the camera captures frames of interference data 
at evenly-spaced intervals. The system uses a series of advanced computer algorithms to 
demodulate the envelope of the fringe signal.  Finally the vertical position corresponding 
to the peak of the interference signal is extracted for each point on the surface.  
 
Dc subtract Square law 
Rectifier 
Low Pass 
Filter 
Peak 
Detector 
Surface 
Height 
Figure A1.1  VSI Algorithm  
 
 
Range refers to the greatest vertical distance the profiler can accurately measure and the 
limit is 2 mm.  
A2. Power Spectral Density  
 
 PSD ( f ), Power spectral density, is the Fourier decomposition of the measured 
surface profile into its component spatial frequencies ( ). The PSD function calculates 
the power spectral densities for each horizontal (X) or vertical (Y) line in the data, then 
averages all X or Y profiles. 
f
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Basically, the Fourier transform calculates what combination of sine waves make up a 
given function. The results are in the form of amplitude, phase and frequency of a 
number of sine waves that, when added together, reproduce the original function. In 
electronics we analyze the signals that are time dependent, while here we analyze profiles 
that are spatially dependent.  
 
Mathematically, the power spectral density function is the square of the Fourier 
transform of the original surface profile. For a digitized profile of length L, consisting of 
N points, the average PSD ( ) function may be approximated by : 
 
 
f
[ ]
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0
0 )1(2exp)( ∑
=
−−=
N
j
j djfiZN
dfPSD π  …………………………………………….. (1) 
 
herew  1−=i  
          d0 = the sampling length  
n  
K  
We can learn about the general shape of the function. Most surfaces tend to have 
power spectrums that fall off monotonically. Power spectrum functions that do not fall 
off very much over the length of the plot characterize the surfaces that have no waviness, 
but have microsurface roughness of a very high spatial frequency. The surfaces with 
nearly flat power spectrum will have nearly the same roughness, regardless of the spatial 
frequencies that are measured.  Spikes or shoulders in the power spectrum are important 
and often indicate harmonics of a dominant frequency, which result due to the fabrication 
process. The surface corresponding to the PSD in the figures A3.3 and A3.4 exhibits 
more randomly spaced features.  
          = the amplitude functiojZ
          = the spatial frequency, equal to K/L, f
           = an integer that ranges from 1 to N/2.
 
 
 64
A3. Autocovariance Function  
 
 ACV(τ ), autocovariance function, is given by an overlap integral of shifted and 
 the inverse Fourier transform of the PSD. It is a 
operties of the surfaces roughness. ACV is the product of 
two copies of the same surface profile as one is shifted relative to the other. The amount 
of lateral shift between the two profiles is the lag length (
unshifted profiles and is also equal to
measure of the correlation pr
τ ). 
 
he surface heights of these 
uplicate surfaces on a pixel by pixel basis and sums the results.  Then the program slides 
the duplicate surface by one pixel to the right and repeats the calculation. The process 
continues until the duplicate surface has slid all the way off the original surface. An 
analytical definition of ACV for a surface profile of a finite length composed of discrete 
data points is given by : 
 
 In the autocovariance calculation, the program first measures the surface and 
makes a copy of the surface. Next the program multiplies t
d
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where 
 
xτ  = 
           
'j , 2/2/ ' NjN <<−  
yτ  = 
           
        
A high positive value of the ACV indicates that a surface feature will repeat itself 
 particular ag length. The value for a lag length of 0, i.e., no lateral shift, is of 
ndamental importance because it is equal to the square of the rms roughness of the 
profile. By examining the autocovariance function, we can learn about the correlation of 
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your surface and the presence of dominant or nondominant spatial frequency 
components. A random surface generally has low correlation.  The auto-covariance 
function quickly drops toward zero and stays near zero. If the function has additional 
smaller or higher frequency ripples on the overall shape, there’s probably some other 
nondominant periodic feature on the surface. A surface with periodic features shows 
higher correlation a periodic distances . Oscillation of the function about zero in a 
periodic manner indicates the presence of a dominant spatial frequency component. 
Random surfaces have Gaussian distribution of heights . Figure A3.1 and A3.2 are the 
Gaussian distributions of the surface profile heights showing that random surfaces have a 
Gaussian distribution of heights. 
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Figure A3.3  X- averaged PSD for carbon rod polished with 0.05 μm 
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Figure A3.4  X- averaged PSD for steel sample polished with 5 μm 
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 Figure A3.5 Surface profile data showing average and rms heights for the carbon rod 
sample polished with 400 grit 
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Tsand 
he Figure A3.5 shows the sample data obtained for a carbon rod polished with 400 grit 
paper. The rms height of the surface profile is σ =246 nm and average height is = 
02 nm.           
e data of the Autocovariance function of the profile data. A program is written in 
hown in the Figure A3.8. Figures A3.9 and A3.10 show 2-D surface 
 
                              
 
 
Figure A3.8 ACV on Y-profile for carbon rod polished with 5 μm 
aR
2
   The correlation length of x and y profiles of the sample surface is obtained from 
th
Matlab to calculate the correlation lengths of the surface profiles which is presented in 
the Appendix C. Autocovariance function for the y-profile for the carbon rod polished 
with 5 μm is s
profiles for the carbon rod sample polished with 5 μm. These are the heights of the 
surface profile from the mean plane. 
 
 
 
 
 
 
ACV for y-profile
0.8
1
1.2
-0.2
0
0.2
0.4
0.6
0 100 200 300 400 500
y-profile (μm)
A
C
V 
 
 
 
 
 
 
 
 
 
 
 
 
 
 69
  
 
 
 
 
 
 
 
               
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
H
ei
gh
t f
ro
m
 m
ea
n 
 
Pl
an
e 
 )
mμ(
  
 
 
                          
 
Figure A3.9 X-profile for carbon rod polished with 5 μm 
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   Figure A3.10  Y-profile for carbon rod polished with 5 μm 
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Appendix B. Sensitivity Analysis 
The reflection technique is a reliable technique to determine the optical constants. 
hown that this technique becomes insensitive for the imaginary part of the index 
at values lower than 0.2. The sensitivity is assessed by the calculations using the Fresnel 
equations and the Figure B.1 and Figure B.2 show the variation of and  for two 
angles of incidence as a function of imaginary part of the index. It is noticed that the two 
components are less sensitive for large angle of incidence and  is less sensitive for 
both smaller and large angle of incidence. From Figure B.3, it is seen that the 
perpendicular component of reflection  is more sensitive to the change in imaginary 
part of the index compared to the pa ponent . From the Figures B.4 to B.6, it 
is observed that this technique is sensitive to the real part of the index and sensitive to the 
imaginary part of the index greater than 0.2.  
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Figure B.1 Variation of the parallel and perpendicular reflectivities with respect to the   
imaginary part of the index “k” for the real part of the index constant n=1.8 for the angle 
of incidence 030  
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Figure B.3 Rate of change of the parallel and perpendicular reflectivities “dR/dk” with respect 
to the imaginary part of the index “k” for the real part constant n=1.8 for an angle of incidence 
of 030 . 
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Figure B.4 Variation of the parallel component of the reflectivity “ ||R ” at an angle of incidence 
o 030  with respect to the real and imaginary parts of the refractive index f 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.5 Variation of the parallel component of the reflectivity “ ||R ” at an angle of incidence of 
070  with respect to the real and imaginary parts of the refractive index. 
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 Figure B.7 Variation of the Ratio “
⊥R
R|| ” at an angle of incidence of 030  with respect to the real and 
imaginary parts of the refractive index. 
Figure B.6 Variation of the perpendicular component of the reflectivity “ ⊥R ” at an angle 
of incidence of 030  with respect to the real and imaginary parts of the refractive index. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure B.8 Variation of the Ratio “
||R
R⊥ ” at an angle of incidence of 030  with respect to the real and 
imaginary parts of the refractive index. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.9 Variation of the Ratio “
||R
R⊥ ” at an angle of incidence of 070  with respect to the real 
and imaginary parts of the refractive index. 
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Figure B.10 Variation of the Ratio “
||
||
RR
RR
+
−
⊥
⊥ ” at an angle of incidence of 030  with respect to the 
real and imaginary parts of the refractive index. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure B.11 Variation of the Ratio “
 ||
||
RR
RR
+
−
⊥
⊥ ” at an angle of incidence of 070  with respect to 
the real and imaginary parts of the refractive index. 
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Appendix C. Matlab Programs  
his Appendix presents the Programs used for the calculation of various parameters from 
) Program used to Calculate the theroretical reflectivities 
lc; 
lear all; 
=1.5; 
=0.24; 
d=(3.1415/180); 
er=0; 
r theta = 25*rad:2.5*rad:75*rad 
er=iter+1; 
=(0.5*([(n^2-k^2-(sin(theta))^2)^2+4*n^2*k^2]^0.5+n^2-k^2-(sin(theta))^2))^0.5; 
per(iter)=(a^2+b^2-
*a*cos(theta)+(cos(theta))^2)/(a^2+b^2+2*a*cos(theta)+(cos(theta))^2); 
par(iter)=(a^2+b^2-
*a*sin(theta)*tan(theta)+(sin(theta))^2*(tan(theta))^2)*Rper(iter)/(a^2+b^2+2*a*sin(th
ta)*tan(theta)+(sin(theta))^2*(tan(theta))^2); 
(iter)=theta*(1/rad); 
nd 
lot(th,Rper,'-') 
hold on 
 
T
the experimental data obtained. 
 
1
c
c
n
k
ra
it
fo
it
a
b=(0.5*([(n^2-k^2-(sin(theta))^2)^2+4*n^2*k^2]^0.5-n^2+k^2+(sin(theta))^2))^0.5; 
R
2
R
2
e
th
e
p
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plot(th,Rpar,'-') 
) Program used for inversion of Real and Imaginary parts of the complex refractive 
lates "n" and "k" for any experimental 
EAST SQUARE SENSE.  
 data from an excel sheet and give the names of the experimental 
mponent and "rper_exp" for Perpendicular 
ared with experimental data  
ental Values of G_exp 
; 
hold on 
 
2
index of  different materials. 
% THIS IS A THEORETICAL CODE which calcu
data in the L
%Import the
reflectivities as "rpar_exp" for Parallel co
component 
% comp
clc; 
G_exp=rpar_exp./rper_exp; % Experim
n=[0.1:.01:6]'; 
k=[0.1:.01:6]'; 
rad=(3.1415/180); 
iter=0; 
for i=1:length(n) 
for j=1:length(k) 
iter=0; 
for theta = 25*rad:2.5*rad:75*rad 
iter=iter+1
 78
a=(0.5*(((n(i,1)^2-k(j,1)^2-(sin(theta))^2)^2+4*n(i,1)^2*k(j,1)^2)^0.5+n(i,1)^2-k(j,1)^2-
))^2))^0.5; 
=(0.5*(((n(i,1)^2-k(j,1)^2-(sin(theta))^2)^2+4*n(i,1)^2*k(j,1)^2)^0.5-
+2*a*sin(t
s of G 
=sum((G_T-G_exp).^2); % calculating the sum for the Difference between G_T and 
 at the top 
);  % Finding out the minimum value from the "F" matrix  
ength(n) 
% Now for any experimental data this line checks whether the F 
d from experimental data matches thetheoretical calulated F 
r the experimental data which closely matches 
ata in least square sense. 
k(j)  
(sin(theta
b
n(i,1)^2+k(j,1)^2+(sin(theta))^2))^0.5; 
Rper(iter,1)=(a^2+b^2-
2*a*cos(theta)+(cos(theta))^2)/(a^2+b^2+2*a*cos(theta)+(cos(theta))^2); 
Rpar(iter,1)=(a^2+b^2-
2*a*sin(theta)*tan(theta)+(sin(theta))^2*(tan(theta))^2)*Rper(iter,1)/(a^2+b^2
heta)*tan(theta)+(sin(theta))^2*(tan(theta))^2); 
end 
G_T=Rpar./Rper; %Theoretical value
F(i,j)
G_exp and storing in a matrix fro the range of "n" and "k" given
end 
end 
min_F=min(min(F)
for i=1:l
for j=1:length(k) 
if F(i,j)==min_F  
calulate
n(i)          % Printing the n and k fo
theoratical d
 79
 end  
end 
end 
 
3) Program to calculate the correlation lengths for the surface profile. 
clear all 
clf 
%% reads the input file in the current directory 
A=xlsread('0_05_steel_acv_x','b371:c739'); 
%% plots the data in the excel file in blue 
plot(A(:,2),A(:,1)) 
%% a is max value of acv 
A = A(1,1); 
x = A(:,2); 
y = zeros(length(x),1)+eps; 
%% the statements within the for loop excludes the negative numbers in acv 
for i=1:length(A); 
    if A(i,1)>=1e-10, 
        y(i,1)=A(i,1); 
    end 
end 
hold on 
b = pinv(sqrt(log(a)-log(y)))*x; 
y1=a*exp(-x.^2/b^2); 
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hold on 
x,y1,'r') 
n 
% this is the solution obtained using curve fitting toolbox for this excel 
% input file 
y2=a*exp(-x.^2/22.15^2); 
plot(x,y2,'g') 
 
 
 
 
 
 
 
 
 
 
 
 
 
plot(
retur
%
%
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Appendix D. Reflectivity Data Plots 
ta of the measured reflectivities are entered in the excel sheets and this data 
rted into MATLAB for the inversion of real and imaginary parts of the refractive 
ple are shown. 
erred values of the refractive indices and specularity indices are presented.  
Experimental Data for Carbon rod
 The da
is impo
index. The plots of the reflectivities for carbon rod sample and Steel sam
The plots of inf
D.1 Carbon Rod Results  
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Figure D.1.1 Variation of the Parallel and Perpendicular reflectivities for Carbon rod 
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Figure D.1.2 Variation of the Parallel and Perpendicular reflectivities for Carbon rod 
polished with 5 m
k = 1.121
 with angle of Incidence at a wavelength of 400 nm. μ
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Figure D.1.3  Variation of the Parallel and Perpendicular reflectivities for Carbon rod polished 
with 600 grit with angle of Incidence at a wavelength of 400 nm. 
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Figure D.1.4  Variation of the Parallel and Perpendicular reflectivities for Carbon rod polished 
with 400 grit with angle of Incidence at a wavelength of 400 nm. 
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Figure D.1.6 Variation of the Parallel and Perpendicular reflectivities for Carbon rod 
polished with 5 m
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Figure D.1.7 Variation of the Parallel and Perpendicular reflectivities for Carbon rod polished 
with 600 grit with angle of Incidence at a wavelength of 600 nm. 
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Figure D.1.8 Variation of the Parallel and Perpendicular reflectivities for Carbon rod polished 
with 400 grit with angle of Incidence at a wavelength of 600 nm. 
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Figure D.1.9 Variation of the Parallel and Perpendicular reflectivities for Carbon rod polished 
with 0.05 m  with angle of Incidence at a wavelength of 800 nm. μ
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 Figure D.1.10 Variation of the Parallel and Perpendicular reflectivities for Carbon rod polished 
with 5 m  with angle of Incidence at a wavelength of 800 nm. μ 
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Figure D.1.11  Variation of the Parallel and Perpendicular reflectivities for Carbon rod polished 
with 600 grit with angle of Incidence at a wavelength of 800 nm. 
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Figure D.1.12  Variation of the Parallel and Perpendicular reflectivities for Carbon rod polished 
with 400 grit with angle of Incidence at a wavelength of 800 nm. 
 
Table D.1.1 Void fractions of the carbon rod samples determined using Image analysis 
and empirical relations. 
Sample polished 
with size (μm) 
Area void 
 Volume Fraction 
Total Surface 
Void Fraction 
0.05  0.1068 0.081 0.1878 
5  0.104 0.081 0.185 
600 grit 0.112 0.076 0.188 
400 grit 0.129 0.076 0.205 
 
 
 
 
 
 
Optical properties of the carbon rod samples inverted using the non linear 
optimization method. 
 
Table D.1.2 Real and Imaginary parts of the Refractive Index for the carbon rod sample 
at a wavelength of 0.4 mμ  
Polishing size (μm) Real part (n) Imaginary part (k) 
0.05 1.96 1.08 
5 1.7 0.89 
600 grit 1.89 1.03 
400 grit 1.78 0.95 
 
Table D.1.3 Real and Imaginary parts of the Refractive Index for the carbon rod sample 
at a wavelength of 0.6 mμ  
Polishing size (μm) Real part (n) Imaginary part (k) 
0.05 1.87 0.93 
5 1.69 0.67 
600 grit 1.79 1.07 
400 grit 1.85 0.85 
 
Table D.1.4 Real and Imaginary parts of the Refractive Index for the carbon rod sample 
avelength of 0at a w .8 mμ  
 
Polishing size (μm) Real part (n) Imaginary part (k) 
0.05 1.78 1.02 
5 1.81 0.89 
600 grit 1.74 0.97 
400 grit 1.91 0.93 
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Op e 
effective optical properties at and different polishing sizes. 
 
Table D.1.5 Real and Imaginary parts of the Refractive Index for the carbon rod sample 
tical properties of carbon rod after taking void fraction into account from th
 different wavelengths 
at a wavelength of 0.4 mμ  taking void fraction into account. 
 
Polishing size n k 
0.05 2.202 1.215 
5 1.868 1.121 
600 grit 2.19 1.272 
400 grit 1.917 1.185 
 
 
Table D.1.6 Real and Imaginary parts of fractive Index for the car d sample 
at a wavelength of 0.6 
the Re bon ro
mμ  taking void fraction into account. 
 
Polishing size  (μm) k n 
0.05 1.910 0.986 
5 1.970 1.096 
600 grit 1.942 1.231 
400 grit 2.139 1.146 
 
 
Table D.1.7 Real and Imaginary parts of fractive Index for the car d sample 
at a wavelength of 0.8 
the Re bon ro
mμ  taking void fraction into account. 
 
Polishing size (μm) n k 
0.05 1.999 1.215 
5 2.273 1.134 
600 grit  1.926 1.172 
400 grit 2.139 1.273 
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D.2 Results for Steel 1086      
Experimental Data for Steel 1086 
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polished with 0.05 m
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Figure D.2.7 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 polished 
with 0.3 m  with angle of Incidence at a wavelength of 500 nm. μ
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Figure D.2.8 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 0.3 m  with angle of Incidence at a wavelength of 600 nm. μ
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Figure D.2.9 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 polished with 
0.3 m  with angle of Incidence at a wavelength of 700 nm. μ
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Figure D.2.10 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 polished 
with 0.3 m  with angle of Incidence at a wavelength of 800 nm. μ
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Figure D.2.11 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 polished 
with 5 m  with angle of Incidence at a wavelength of 400 nm. μ
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Figure D.2.12 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 5 m  with angle of Incidence at a wavelength of 500 nm. μ
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Figure D.2.13 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 polished 
with 5 m  with angle of Incidence at a wavelength of 600 nm. μ
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Figure D.2.14 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 5 m  with angle of Incidence at a wavelength of 700 nm. μ
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Figure D.2.15 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 5 m  with angle of Incidence at a wavelength of 800 nm. μ
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Figure D.2.16 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 400 grit with angle of Incidence at a wavelength of 400 nm. 
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Figure D.2.17 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 400 grit with angle of Incidence at a wavelength of 500 nm. 
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Figure D.2.18 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 400 grit with angle of Incidence at a wavelength of 600 nm. 
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Figure D.2.19 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 400 grit with angle of Incidence at a wavelength of 700 nm. 
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Figure D.2.20 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 400 grit with angle of Incidence at a wavelength of 800 nm. 
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Figure D.2.21 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 240 grit with angle of Incidence at a wavelength of 400 nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Rper, Rpar Vs Angle of Incidence
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 10 20 30 40 50 60 70 80 90
heta 
R
ef
le
ct
iv
iti
es
Rper_th
Rpar_th
Rper_exp
T
Rpar_exp
λ = 500 nm
SI = 0.617
n = 2.79
k = 3.99
Figure D.2.22 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 240 grit with angle of Incidence at a wavelength of 500 nm. 
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Figure D.2.23 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 240 grit with angle of ncidence at a wavelength of 600 nm. I
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Figure D.2.24 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 240 grit with angle of Incidence at a wavelength of 700 nm. 
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Figure D.2.25 Variation of the Parallel and Perpendicular reflectivities for Steel 1086 
polished with 240 grit with angle of Incidence at a wavelength of 800 nm. 
 
Refractive indices for Steel sample 
 
Table D.2.1 Real and Imaginary parts of the Refractive Index for the steel sample at a 
wavelength of 0.4 mμ  
 
Polishing size k n 
0.05 1.24 2.25 
0.3 1.31 1.94 
5 1.33 2.14 
400 grit  1.30 2.32 
240 grit 2.29 4.20 
 
Table D.2.2 Real and Imaginary parts of the Refractive Index for the steel sample at a 
wavelength of 0.5 
 
mμ  
 
Polishing size k n 
0.05 1.74 3.01 
0.3 1.47 2.45 
5 1.53 2.37 
400 grit 1.70 2.47 
240 grit 2.79 3.99 
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Table D.2.3 Real and Imaginary parts of the Refractive Index for the steel sample at a 
wavelength of 0.6 mμ  
 
Polishing size k n 
0.05 2.02 3.17 
0.3 1.95 2.90 
5 1.53 2.40 
400 grit 1.78 2.46 
240 grit 2.97 3.91 
 
Table D.2.4 Real and Imaginary parts of the Refractive Index for the steel sample at a 
wavelength of 0.7 mμ  
 
Polishing size k n 
0.05 2.13 3.36 
0.3 1.94 2.98 
5 2.12 2.88 
400 grit 1.92 2.60 
240 grit 3.03 3.84 
 
Table D.2.5 Real and Imaginary parts of the Refractive Index for the steel sample at a 
wavelength of 0.8 mμ  
 
Polishing size k n 
0.05 1.89 3.05 
0.3 1.97 3.16 
5 2.36 3.56 
400 grit 3.64 3.36 
240 grit 3.75 4.42 
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Appendix E. Model of the Surface Layer 
 
his Appendix introduces the model of the surface layer for the carbon rod sample  
E.1 Model of the Surface Layer  
 
Two types xist in the pellet. The  due to the particles whic missing in 
n otherw ed lattice. The second  due to the inherent void which exists in 
an  
ontrib f these two types of v d to the total void were esti ted from the 
scanning electronmicrographs of the pelle ce by interpreting the micrographs using  
the procedu odel. The e appears to be a layer of fused spherules 
n which  spherules are missing ly distributed sections of the plane. 
T n 
readth and are of various depths. The assumption made is that the micrograph represents 
the surface of the pellet where the pellet i rated into two pieces at any plane inside 
the surface layer. And the surfaces of the two so separated pieces will necessarily contain 
compleme h and low spots whose ts and depths are one s e diameter 
r less. The missing spherule regions in the Figure E1.1 whose depths are greater than 
ne spherule diameter are considered to produce void of the first type i.e., void due to 
ttice vacancies. The missing spherule regions in the Figure E1.1 which are less than one 
pherule diameter in depth are considered as the regions which, when they occur in the 
urface layer, actually contain the spherules from the adjacent layer. The void in such 
gions is considered as the second type which is void inherent to an array of packed 
used spheres. Voids of the first type are referred to as “area” voids since their 
ontribution to the total void is estimated from the fraction of the area occupied on the 
T
 of void e first is h are 
a ise well-pack  is
y packing arrangement of particles even when all the sites are occupied. The 
c ution of each o oi ma
t surfa
re discussed in the m  surfac
i groups of  in random
he areas in which the spherules are missing are up to several spherule diameters i
b
s sepa
ntary hig  heigh pherul
o
o
la
s
s
re
f
c
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surface plane. Vo  voids and their 
fused 
ids of second type are referred to as “volume”
contribution to the total void is calculated from the void existing in the arrays of 
spheres. 
             
Figure E.1.1 SEM image of the pellet surface(magnification = 600X) polished with the 
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0.05 microns. Taken with Scanning electron microscope S3600N. 
 
 
 
 
Figure E.1.2 SEM image of sandpaper of 600 grit. Taken with Scanning 
Electron 
 
Figure E.1.3 SEM image of sandpaper of 800 grit. Taken with Scanning Electron 
Microscope S3600N. 
 
 
 
Figure E.1.4 SEM image of Alumina Powder of 5 microns. Taken with Scanning 
Electron Microscope S3600N. 
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F  
Electron Microscope S3600N. 
o calculate the area void fraction, it is assumed that the structure on the surface plane 
repeats itself in each layer below the surface. The maximum amount of void in such a 
model exists if the thickness of each layer is assumed to be equal to the average depth of 
the area voids. Under this assumption, the contribution of the area voids to the total void 
in the surface layer is given by the ratio of the area of the area voids to the total area of 
the plane. 
…………………………………………………………………….  (1) 
This ratio can be obtained from the Scanning Electron Micrographs of the sample 
surfaces and the volume of the remaining fused sphere lattice is given by  
igure E.1.5 SEM image of Alumina Powder of 0.05 microns. Taken with Scanning
 
T
plane
voids
areaA AA /=φ  
AFS φφ −= 1  ……………………………………………………………………………. (2) 
Ten micrographs were taken from ample surface and analysed  different portions of the s
to obtain the area void fraction.  
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 To estimate the volume void fraction the aggregate structure was modeled as random 
close packed (RCP) lattice of fused spheres. The void fraction in an RCP lattice varies 
from 0.36 to 0.40 depending upon the details of the packing. It is approximately the 
average of the void fractions of the unfused face-centered cubic (FCC) and simple cubic 
(SC) structures. Hence the void fraction in an RCP structure of fused spheres was 
estimated to be the average of the voids in the fused FCC and SC structures 
spheres
fusedSCFCCesfusedspherRCP )(5.0)( φφφ +≅    ………………………………………….........  (3) 
Defining the degree of fusion, , as shown in the Figure 2, it can be shown [1] that the 
vo
fd
id fractions in FCC and SC lattices composed of fused spheres are given by  
1(31[
23
1)(
3
f
spheres
fusedFCC
d
−−= πφ )]2()2 ff dd +−       866.0   ………………….. (4) ≤≤ fd 0.1
                 fd0415.0≅                               866.00 ≤≤ fd   
( )[ ])2()1(2/311)( 23 fffusedSC dd +−−−= 6 fspheres d
πφ  1707.0 ≤≤ fd   …………………..... (5) 
                                                           fd0494.0≅ 707.00 ≤≤ fd  
The average degree of fusion, d , was determined by visual inspection of all the f
micrographs of the sample surface. The value of was taken as 0.8 [1]. For this value of  fd
fd , 091.0)( ≅
spheres
fusedRCPφ . The contribution to the total surface void fraction by the 
volume voids is given by the product of the volume fraction of the surface layer occupied 
by the fused sphere lattice FSφ  and the void fraction in the lattice 
sphe
fuseRCP )(φ
res
d :  
(
spheres
fused)RCPFSVφ φ φ=  
urface layer of the sample is the sum of the area and 
volume void fractions :   
…………………………………………………………………….  (6) 
The total void fraction in the s
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 …………………………………………………………………………….  (7) VA φφφ +=
 
Felske et al. [11] assumed a two component mixture and modeled the surface composed 
of agglomerates of different shapes and also taking into account the degree of fusion 
between the spherule particles of the sample.  For a randomly closed packed structure the 
following relation applies  
( ) 111
222 ⎤⎡ ⎟⎞⎜⎛⎤⎡ ⎟⎞⎜⎛ mm ln
1
ln1 222 =⎥⎢⎢⎣ ⎟⎜−
+⎥⎥⎦⎢
⎢
⎣ ⎟⎠⎜⎝−
−
eee mmmm
φφ  …………………………………...  (8) 
where 
⎥⎦⎠⎝ em
φ  represents the surface void fraction. 
The ability to use the Fresnel equations to infer meaningful values of the effective 
refractive indices of the compressed powders from this data was determined by assessing 
the specularity of the reflection from the su
 of the data for each component of 
polarization to the Fresnel equations over the full angular rang
e reflected energy to the 
3) the departure of the specularity index, S.I, from 1.0.  
E.2 Void Fraction Effects 
 
The void fraction is of importance in the problem. The mean or bulk void fraction,
rfaces. Three indicators of specularity that 
were used are: 1) simultaneous conformance
e of the measurements; 2) 
comparison of the bi-directional measurements of th
measurements of the size and shape of the specular cone defined by the incident beam;  
bφ ,of 
s unlikely 
that the bulk void fraction will be same as the void fraction in the surface layer. At the 
surface, agglomerat
the pellet can be inferred using the information of the density. However, it seem
ed particles are constrained to the conform to the smooth, flat surface 
of the compacting piston both during compression and upon release of pressure. Hence, 
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in addition 
rface will retain their compaction better upon release of pressure since their elastic 
onmicrographs of the pellet surface.  
E.3 Image Analysis  
 
The area void fraction 
to the better compaction during the compression process, the particles at the 
su
recovery is constrained when compared to the relatively free expansion of the aggregates 
within the bulk. The void fraction in the surface layer is therefore much smaller than the 
bulk void fraction. The technique discussed below is used to estimate the void fraction in 
the surface layer from the scanning electr
Aφ  is defined as the ratio of the area of the voids to the area of the 
 level histogram is determined. 
The area void fraction is determined to be the percentage of pixels present with gray 
vels ranging 0 to thresholded value. The SEM analysis is performed at 10 different 
 
 
surface plane. This area void fraction is obtained from the image analysis of the SEM 
micrograph obtained for the sample. The SEM analysis is done S 3600 N at the Material 
Characterisation Laboratory in ME department, LSU. The Micrographs are obtained at 
magnification of 600X. The image is analysed using ImajeJ image analysis software 
which is new version of NIH image analysis software. Each pixel of the digitized image 
has an associated gray level ranging from 0 to 255. The threshold value, which is defined 
as the gray level value that exhibits a valley in the gray
le
locations at the centre of the carbon rod sample. The void fraction thus obtained at these 
locations is averaged.   
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Appendix F. Reflecivity Data 
 
F1. Reflectivity Data for Carbon rod samples 
 
 μ μ
 
theta Rper_exp Rpar_exp Rper_th Rper_th 
25 0.144828 0.109756 0.2436 0.1789
27.5 0.158621 0.103659 0.251 0.1723
30 0.165517 0.097561 0.2594 0.165
32.5 0.172414 0.097561 0.2688 0.1572
Table F1.1 Reflectivities for carbon rod polished with 0.05 m at wavelength of 0.4 m 
35 0.186207 0.091463 0.2792 0.1489
.5 0.2 0.085366 0.2907 0.14
97 0.079268 0.3034 0.1306
42.5 0.22069 0.073171 0.3174 0.1208
45 0.234483 0.073171 0.3327 0.1107
47
50 0.262069 0.060976 0.3679 0.0901
72.5 0.524138 0.04878 0.6271 0.0756
 
 
 
 
 
 
 
 
 
 
37
40 0.2068
.5 0.255172 0.067073 0.3495 0.1004
52.5 0.282759 0.054878 0.388 0.08
55 0.303448 0.054878 0.41 0.0704
57.5 0.324138 0.04878 0.4338 0.0617
60 0.344828 0.042683 0.4598 0.0544
62.5 0.372414 0.036585 0.4881 0.0493
65 0.406897 0.030488 0.5188 0.0473
67.5 0.434483 0.036585 0.552 0.0498
70 0.462069 0.042683 0.5881 0.0584
75 0.565517 0.060976 0.6693 0.1047
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Table F1.2 Reflectivitie  wavelength of 0.4 μm 
Table F1.3 Reflectivit r d with rit elength of 0.4 μm 
thet R R R
27.5 0.158787 0.105312 0.2367 0.1599
30 0.164839 0.105712 0.245 0.1529
32.5 0.178742 0.097276 0.2542 0.1454
35 0.179394 0.098576 0.2645 0.1373
37.5 0.197348 0.087105 0.2759 0.1287
40 0.2109 0.077334 0.2885 0.1198
42.5 0.220355 0.072498 0.3023 0.1105
45 0.232858 0.067363 0.3176 0.1009
47.5 0.250613 0.067163 0.3344 0.0912
50 0.269316 0.061427 0.3527 0.0816
52.5 0.289823 0.061727 0.3728 0.0722
55 0.313426 0.056392 0.3948 0.0635
57.5 0.327981 0.051556 0.4188 0.0559
60 0.346887 0.04682 0.445 0.0498
62.5 0.379394 0.040785 0.4736 0.046
65 0.402848 0.034849 0.5047 0.0455
67.5 0.436706 0.036649 0.5384 0.0495
70 0.457365 0.041885 0.5751 0.06
72.5 0.498274 0.053156 0.615 0.0791
75 0.542735 0.084198 0.6581 0.1104
Rpar_th 
886 0.131 
27.5 0.140187 0.1 0.1955 0.1253 
32.5 0.168224 0.1 0.212 0.1124 
35  
3  
 
4  
 
4  
0.252 0.0591 
5  
 
5  
 
6  
0.0425 
6 0  
 
7  
 
s for carbon rod polished with 5 μm at
 
 theta Rper_exp Rpar_exp Rper_th 
25 0.140187 0.108333 0.1
30 0.149533 0.1 0.2033 0.1191 
0.17757 0.091667 0.2217 0.1054
7.5 0.186916 0.091667 0.2326 0.0979
40 0.205607 0.083333 0.2446 0.0903
2.5 0.214953 0.083333 0.258 0.0824
45 0.242991 0.075 0.2728 0.0745
7.5 0.242991 0.075 0.2892 0.0666
50 336 0.066667 0.3073
2.5 0.271028 0.058333 0.3273 0.0522
55 0.28972 0.05 0.3493 0.0461
7.5 0.317757 0.05 0.3735 0.0415
60 0.345794 0.041667 0.4001 0.0388
2.5 0.373832 0.041667 0.4293 0.0388
65 0.392523 0.041667 0.4613
7.5 0.439252 0.05 .4965 0.0512
70 0.457944 0.058333 0.5349 0.0667
2.5 0.485981 0.075 0.5771
 
ies fo  carbon ro  polished 
0.0913
75 0.542056 0.1 0.6231 0.128
 600 g  at wav
 
a Rper_exp par_exp per_th par_th 
25 0.151635 0.108648 0.2294 0.1663
 
 113
T  
0.1036
0.1034
0.0963 0
0
0
0.06
0.06
0 0.051
0.049
0.033
0.06
0.0932 0
0
0
0 0
0
0.
0
able F1.4 Reflectivities for carbon rod polished with 400 grit at wavelength of 0.4 μm
 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0.160435 0.106448 0.2063 0.146
27.5 0.164287 12 0.2134 0.14
30 0.173639 12 0.2213 0.1335
32.5 0.182542 76 .2303 0.1264
35 .191494 0.096576 0.2403 0.1189
37.5 0.193548 0.087205 0.2514 0.111
40 0.2243 0.075334 0.2637 0.1027
42.5 0.224655 0.072998 .2774 0.0942
45 0.231158 5263 0.2924 0.0855
47.5 0.247161 4663 0.309 0.0769
50 0.267216 0.060727 0.3273 0.0684
52.5 0.296223 0.060427 0.3473 0.0604
55 .306326 692 0.3694 0.0532
57.5 0.331581 156 0.3935 0.0473
60 0.349787 0.04632 0.42 0.0431
62.5 0.369194 0.040985 0.4489 0.0415
65 0.386548 0.032449 0.4806 0.0434
67.5 0.428706 949 0.5152 0.0501
70 0.459765 0.042985 0.5529 0.0635
72.5 0.498974 4456 0.594 0.0857
75 0.546435 98 0.6388 .1202
 
Table F1.5 Reflectivities for carbon rod polished with 0.05 μm at wavelength of 0.6 μm 
 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0.179688 0.099379 0.2093 0.1491
27.5 0.179688 0.093168 0.2164 0.143
30 0.1875 0.093168 .2243 0.1364
32.5 0.1875 0.086957 0.2333 0.1292
35 0.203125 0.086957 0.2432 0.1216
37.5 0.210938 0.080745 0.2543 0.1135
40 .21875 0.074534 0.2666 0.105
42.5 0.234375 0.074534 0.2802 0.0961
45 0.234375 0.068323 0.2951 0.0871
47.5 0.25 0.062112 0.3117 0.078
50 0.273438 0.055901 0.3298 0.069
52.5 0.296875 0.055901 0.3498 0.0604
55 0.320313 0.049689 0.3718 0.0524
57.5 0.335938 0.049689 0.3958 0.0455
60 0.359375 .043478 .4222 0.0402
62.5 0.390625 0.037267 0.451 .0373
65 0.421875 0.037267 0.4825 0.0378
67.5 0.445313 0.031056 0.517 0.0429
70 0.46875 0.037267 0.5546 0544
72.5 0.5 0.043478 .5955 0.0747
75 0.539063 0.068323 0.6402 0.1071
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Table F1.6 Reflectivities for carbon rod polished with 5 μm at wavelength of 0.6 μm 
 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0.158537 0.117117 0.146 0.097
27.5 0.170732 0.108108 0.1519 0.
0
0.
0
0 0.
0
0
0.
0.
0
0.23 0
0
0
0
0.473
0922
30 0.170732 0.108108 0.1587 0.0869
32.5 0.182927 0.099099 0.1663 0.0813
35 0.195122 0.09009 0.175 0.0753
37.5 0.219512 0.081081 0.1847 .0689
40 219512 0.081081 0.1955 0.0624
42.5 0.231707 0.072072 0.2077 0.0557
45 0.243902 0.072072 0.2213 0.049
47.5 0.268293 0.063063 .2366 0.0424
50 0.292683 0.054054 0.2535 0.0361
52.5 0.304878 0.045045 0.2725 0.0304
55 0.317073 0.036036 0.2936 0.0256
57.5 0.341463 0.036036 0.3171 0.0222
60 0.365854 .036036 3433 0.0207
62.5 0.402439 0.036036 0.3725 0.0219
65 0.414634 0.036036 0.4049 0.0267
67.5 0.439024 0.045045 0.4409 0.0365
70 0.47561 0.054054 0.481 0.053
72.5 0.52439 0.072072 .5254 0.0785
75 0.560976 0.09009 0.5746 0.1161
 
Table F1.7 Reflectivities for carbon rod polished with 600 grit at wavelength of 0.6 μm 
 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0.142535 0.092865 0.2311 0.1672
27.5 0.149887 0.091112 0.2386 .1608
30 154839 0.105712 0.2469 0.1538
32.5 156842 0.087176 0.2563 0.1463
35 0.152094 0.098576 0.2667 0.1383
37.5 0.172448 0.081001 0.2782 0.1299
40 .196429 0.079933 0.2909 0.121
42.5 0.202755 0.07015 0.3049 0.1119
45 0.227898 0.062163 0.3203 0.1026
47.5 7803 0.063412 0.3372 .0933
50 0.241476 0.060234 0.3557 .0841
52.5 0.261823 0.058202 0.3759 0.0754
55 0.292126 0.051034 0.3981 0.0674
57.5 0.305781 0.042236 0.4222 0.0606
60 0.322187 0.04142 0.4484 0.0555
62.5 0.356994 0.036128 0.477 0.053
65 0.408085 0.038128 0.5081 0.0539
67.5 0.418006 0.03823 .5419 0.0596
70 .431565 0.059222 0.5785 0.0719
72.5 974 0.071245 0.6182 0.0931
75 0.510253 0.10562 0.6611 0.1264
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able F1.8 Reflectivities for carbon rod polished with 400 grit at wavelength of 0.6 μm
 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0.167835 0.108148 .1932 .1356
27.5 0.169887 0.106512 0.2 0.1298
30 0.173639 0.100112 0.2077 0.1235
32.5 0.187442 0.095176 0.2164 0.1166
35 0.197994 .096476 0.226 0.1093
37.5 0.196248 0.085405 0.2368 0.1016
40 0.215678 0.074934 0.2488 0.0935
42.5 0.236655 0.070398 0.2621 0.0852
45 0.238958 0.066163 0.2768 .0766
47.5 0.247161 0.062963 0.293 0.068
50 0.263916 0.058627 0.311 0.0596
52.5 0.277823 0.050227 0.3308 0.0515
55 0.311026 0.050292 0.3526 0.0441
57.5 0.340481 0.033256 0.3766 0.0379
60 0.357787 0.03712 0.403 0.0333
62.5 0.365394 0.038485 0.432 0.0311
65 0.397248 0.031649 0.4639 0.0323
67.5 0.434165 0.029674 0.4988 0.0383
70 .465265 0.03223 .5371 .0506
72.5 .499974 0.053856 0.5789 0.0718
75 0.563135 .075813 0.6247 0.1051
 
Table F1.9 Reflectivities for carbon rod polished with 0.05 μm at wavelength of 0.8 μm 
 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0.221311 0.12766 0.2203 0.1579
27.5 0.221311 0.12766 0.2276 0.1516
30 0.229508 0.120567 0.2358 0.1448
32.5 0.229508 0.120567 0.245 0.1375
35 0.229508 0.113475 0.2553 0.1297
37.5 0.254098 0.113475 0.2666 0.1215
40 0.262295 0.106383 0.2792 .1129
42.5 0.278689 .106383 0.2931 0.1041
45 0.286885 0.099291 0.3083 0.0951
47.5 0.303279 0.092199 0.3251 0.0861
50 0.319672 0.070922 0.3436 0.0773
52.5 0.344262 0.06383 0.3637 0.0689
55 0.368852 0.056738 0.3858 0.0613
57.5 0.385246 0.056738 0.41 0.0549
60 0.409836 .049645 0.4364 0.0503
62.5 0.434426 0.049645 .4652 .0482
65 0.467213 0.042553 0.4965 0.0497
67.5 0.491803 .042553 0.5306 0.056
70 0.52459 0.049645 0.5677 0.0688
72.5 0.54918 0.070922 0.608 0.0906
75 0.581967 .078014 0.6518 0.1246
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Table F1.10 Reflectivities for carbon rod polished with 5 μm at wavelength of 0.8 μm 
 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0.191489 0.116129 0.2039 0.1446
27.5 0.191489 0.116129 0.2
0
0 0
0
0
0
0
0
0
0
0
0.
0
0
0 0
108 0.1386
30 0.198582 0.116129 0.2187 0.1321
32.5 0.198582 0.109677 0.2275 0.125
35 0.212766 0.109677 .2373 0.1175
37.5 0.234043 0.103226 0.2483 0.1095
40 0.234043 0.096774 0.2604 0.1011
42.5 0.241135 0.090323 0.2739 0.0923
45 0.269504 0.083871 0.2888 0.0834
47.5 0.276596 0.077419 .3052 .0744
50 0.29078 0.070968 .3232 0.0654
52.5 0.304965 0.058065 0.3431 0.0568
55 0.340426 0.051613 0.365 0.0488
57.5 0.35461 0.045161 0.389 0.0419
60 0.382979 0.03871 .4154 0.0366
62.5 0.404255 0.03871 .4443 0.0336
65 0.432624 0.032258 0.4759 0.0339
67.5 0.453901 0.032258 0.5105 0.0389
70 0.48227 .025806 0.5483 0.0502
72.5 0.510638 0.03871 0.5896 0.0702
75 0.539007 0.058065 0.6346 0.1024
 
Table F1.11 Reflectivities for carbon rod polished with 600 grit at wavelength of 0.8 μm 
 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0.13871 .087906 0.2077 0.147
27.5 0.137419 .080419 0.2148 0.1409
30 0.154839 0.090517 0.2229 0.1344
32.5 0.155484 0.082132 .2319 0.1273
35 0.150839 0.083918 0.242 0.1198
37.5 0.160968 0.076581 0.2531 0.1119
40 0.186429 0.07242 0.2655 0.1037
42.5 0.207097 0.06713 0.2793 0.0952
45 0.219065 0.054996 0.2944 0.0867
47.5 0.222258 0.06012 0.3111 0.0782
50 0.232148 0.057234 0.3294 0.0699
52.5 0.245406 .053123 0.3495 0.0621
55 0.280645 0.046003 0.3716 0.0552
57.5 0.304516 0.036701 3958 0.0496
60 0.322187 0.034545 0.4223 0.0459
62.5 0.356994 0.036128 0.4513 0.0448
65 0.368085 0.038128 0.483 0.0473
67.5 0.380065 0.03823 0.5175 .0547
70 .410016 0.052375 0.5552 0.0688
72.5 .453974 0.063451 .5962 0.0919
75 0.510203 0.092406 0.6409 0.1272
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able F1.12 Reflectivities for carbon rod polished with 400 grit at wavelength of 0.8 μm
 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0.172448 0.114398 0.2074 0.1477
27.5 0.172269 0.114188 0.2144 0.1416
30 0.179006 0.101848 0.2223 0.135
32.5 0.189241 0.117906 0.2312 .1279
35 0.194562 0.113406 0.241 0.1202
37.5 0.206546 0.080209 0.252 0.1121
40 0.214689 0.074126 0.2642 0.1036
42.5 0.220217 0.070398 0.2777 0.0948
45 0.23625 0.062513 0.2927 0.0857
47.5 0.247161 0.061309 0.3091 0.0765
50 .254864 0.056272 0.3272 0.0673
52.5 0.264232 0.052272 0.3471 0.0585
55 0.300811 0.050292 0.369 0.0503
57.5 .325233 0.033094 0.393 0.0431
60 0.336474 0.03112 0.4193 0.0375
62.5 0.365394 .032485 0.4481 0.0341
65 0.401677 0.031649 0.4797 0.0341
67.5 0.421613 0.031967 0.5142 0.0385
70 .444516 0.032023 0.5518 0.0494
72.5 0.473548 .051209 0.5929 0.0689
75 0.54271 0.081658 0.6377 0.1005
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F2. Reflectivity Data for Steel samples 
 
Table F2.1 Ref s o h  at wavelength of 0.4 μm 
thet R R
0
0
0
72.5 0.747826 0.324786 0.8433 0.3893
75 0.782609 0.34188 0.8638 0.4134
 
lectivitie  for steel p lished wit  0.05 μm
 
a Rper_exp Rpar_exp per_th par_th 
25 
27
0.66087 0.598291 0.5843
0
0.5139
.5 0.66087 0.564103 .5917 0.5066
30 
32
0.695652 0.529915 .5999 0.4987
.5 0.678261 0.495726 0.6087 0.4902
35 
37
0.695652
0
0.512821 0.6182 0.4811
.5 .695652 0.512821 0.6284 0.4714
40 
42
0.695652 0.478632 0.6393 0.4612
.5 0.713043 0.495726 0.6508 0.4507
45 
47
0.695652 0.461538 0.6631
0
0.4398
.5 0.713043 0.444444 .6761 0.4286
50 
52
0.730435 0.42735 .6898 0.4175
.5 0.713043 0.42735 0.7041 0.4065
55 
57
0.713043 0.42735 0.7191 0.396
.5 0.713043 0.410256 0.7348 0.3864
60 
62
0.713043 0.393162 0.7512 0.3781
.5 0.713043 0.376068 0.7683 0.3718
65 
67
0.730435
0
0.34188 0.7861 0.3685
.5 
70 
.730435
.747826
0.34188
0.324786
0.8045
0.8236
0.3691
0.3754
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Table F2.2 Reflectivities for steel polished with 0.3 μm at wavelength of 0.4 μm 
 
.5 
0
0
0
0
Table F2.3 Reflectivitie  p ith t w gth of 0.4 μm 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0.444444 0.34188 0.5062 0.4313
27.5 0.444444 0.324786 0.5142 0.4235
30 0.42735 0.324786 0.523 0.4151
32.5 0.444444 0.307692 0.5326 0.406
35 0.444444 0.307692 0.543 0.3962
37.5 0.444444 0.290598 0.5543 0.3859
40 0.444444 0.273504 0.5664 0.375
42.5 0.444444 0.290598 0.5793 0.3636
45 0.42735 0.273504 0.5931 0.3518
47.5 0.444444 0.273504 0.6078 0.3397
50 0.444444 0.239316 0.6233 0.3276
52.5 0.461538 0.239316 0.6397 0.3155
55 0.495726 0.205128 0.6571 0.3039
57.5 0.495726 0.205128 0.6753 0.293
60 0.512821 0.205128 0.6945 0.2835
62.5 0.547009 0.17094 0.7146 0.276
65 0.547009 0.17094 0.7356 0.2713
67.5 0.564103 0.153846 0.7576 0.2709
70 0.581197 0.153846 0.7806 0.2762
72.5 0.581197 0.153846 0.8045 0.2895
75 0.598291 0.136752 0.8295 0.3139
 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0.518519 0.411215 0.4987 0.4216
27 0.518519 0.411215 0.507 0.4139
30 0.5 0.392523 0.5161 0.4055
32.5 .518519 0.373832 0.526 0.3966
35 0.537037 0.373832 0.5368 0.3872
37.5 0.518519 0.35514 0.5484 0.3773
40 0.555556 0.35514 0.5608 0.3671
42.5 0.555556 0.336449 0.5741 0.3566
45 0.574074 0.336449 0.5882 0.346
47.5 0.555556 0.317757 0.6032 0.3355
50 0.555556 0.299065 0.6191 0.3252
52.5 0.555556 0.299065
0
0.6359 0.3155
55 0.574074 .280374 0.6535 0.3066
57.5 0.555556 .261682 0.6721 0.2991
060 0.592593 .261682 0.6916 .2934
62.5 0.62963 0.261682 0.712 0.2904
65 0.62963 0.242991 0.7333 0.291
67.5 0.611111 0.242991
0
0.7556 0.2964
70 0.62963 .261682 0.7788 0.308
72.5 0.648148 .242991 0.803 0.328
75 0.685185 0.280374
 
0.8282 0.3589
s for steel olished w
 
 5 μm a avelen
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Table F2.4 Reflectivities for steel polished with 400 grit at wavelength of 0.4 μm 
 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0.22807 0.195652 0.5488 0.4768
27.5 0.210526 0.173913 0
0.22
0
0
0
0 0
0
0 0
0 0
T  
0
0 0
0
0
0
0
0
0 0
0
 
.5565 0.4693
30 807 0.195652 0.5648 0.461
32.5 0.263158 0.195652 .5739 0.4521
35 0.245614 0.195652 0.5838 0.4425
37.5 0.263158 .195652 0.5944 0.4322
40 0.263158 .217391 0.6058 0.4214
42.5 0.298246 0.217391 0.6179 0.4099
45 0.350877 0.195652 0.6309 0.398
47.5 0.368421 0.195652 0.6446 0.3857
50 0.385965 0.217391 0.659 0.3732
52.5 0.385965 0.195652 0.6743 0.3606
55 0.421053 0.217391 0.6904 0.3482
57.5 0.45614 0.195652 0.7072 0.3363
60 0.491228 0.195652 0.7249 0.3255
62.5 .508772 0.195652 .7433 0.3164
65 0.54386 0.26087 0.7626 .3098
67.5 0.596491 0.26087 0.7827 0.3069
70 .666667 0.26087 0.8036 .3095
72.5 0.719298 0.282609 .8253 .3197
75 0.736842 0.282609 0.8478 0.3404
 
able F2.5 Reflectivities for steel polished with 240 grit at wavelength of 0.4 μm
 
theta rper_exp rpar_exp Rper Rpar 
25 0.314961 .319149 0.704 0.6511
27.5 0.330709 0.319149 0.7094 0.645
30 .362205 0.319149 .7153 0.6383
32.5 0.377953 0.319149 0.7218 .6308
35 0.393701 0.340426 .7287 0.6225
37.5 0.409449 0.361702 0.7361 0.6133
40 0.409449 0.340426 0.7441 .6032
42.5 0.472441 0.382979 0.7525 0.592
45 .456693 0.361702 0.7615 0.5799
47.5 0.488189 0.404255 0.7709 0.5665
50 0.566929 0.404255 0.7808 0.552
52.5 0.629921 0.404255 0.7913 0.5361
55 0.661417 0.404255 0.8021 0.5189
57.5 0.677165 0.404255 0.8135 .5002
60 0.708661 0.382979 0.8253 0.48
62.5 0.755906 .404255 0.8376 .4585
65 0.787402 .361702 0.8504 0.4357
67.5 0.834646 0.382979 0.8636 0.4121
70 0.850394 0.361702 0.8772 0.3884
72.5 0.866142 0.361702 0.8912 0.3663
75 0.88189 0.382979 0.9057 0.3483
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Table F2.6 Reflectivities for steel polished with 0.05 μm at wavelength of 0.5 μm 
 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0
0 0
0
0
0
0 0
0
th 
0
0
0
0.
0
.639731 0.577657 0.6118 0.5472
27.5 0.653199 0.577657 0.6185 0.5401
30 .653199 0.561308 0.6259 .5323
32.5 0.653199 0.550409 0.6339 0.5236
35 0.653199 0.523161 0.6426 0.5142
37.5 0.659933 0.512262 0.6519 0.5039
40 0.653199 0.485014 0.6619 0.4927
42.5 0.666667 0.463215 0.6726 0.4807
45 0.680135 0.457766 0.6839 .4678
47.5 0.680135 0.446866 0.6959 0.454
50 0.680135 0.425068 .7086 0.4393
52.5 0.693603 0.39782 0.7219 0.4239
55 0.686869 0.381471 0.7359 0.4077
57.5 .700337 0.359673 0.7505 0.391
60 0.700337 0.343324 0.7659 0.374
62.5 0.693603 0.326975 0.7818 0.3572
65 .707071 .305177 0.7985 0.3411
67.5 0.713805 .283379 0.8158 0.3267
70 0.720539 0.26703 0.8338 0.3154
72.5 0.727273 0.26703 0.8524 0.3096
75 0.760943 0.27248 0.8716 0.3124
 
Table F2.7 Reflectivities for steel polished with 0.3 μm at wavelength of 0.5 μm 
 
theta Rper_exp Rpar_exp Rper_ Rpar_th 
25 0.539143 0.466667 .5497 0.4786
27.5 0.546529 0.454545 0.5572 0.471
30 0.553914 0.448485 0.5654 0.4627
32.5 0.553914 0.442424 0.5744 0.4537
35 0.5613 0.430303 0.5842 0.4439
37.5 0.576071 0.412121 0.5947 0.4335
40 0.583456 0.406061 0.606 0.4223
42.5 0.576071 0.387879 0.618 .4104
45 0.598227 0.357576 0.6308 0.3979
47.5 0.590842 0.363636 0.6444 0.3849
50 0.598227 0.333333 0.6588 .3714
52.5 0.598227 0.327273 0.674 0.3577
55 0.605613 0.309091 0.69 0.3439
57.5 0.620384 0.290909 0.7067 0.3303
60 0.62777 0.278788 0.7243 3174
62.5 0.642541 0.266667 0.7428 0.3057
65 0.635155 0.254545 0.762 0.2962
67.5 0.649926 0.236364 0.7821 0.2899
70 0.664697 0.230303 0.803 0.2886
72.5 0.664697 0.242424 0.8247 0.2944
75 .686854 0.248485 0.8473 0.3107
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Table F2.8 Reflectivities for steel polished with 5 μm at wavelength of 0.5 μm 
 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0.487633 0.401146 0.527 0.4545
27.5 0.480565 0.383954 0.5347 0.4468
30 0.4947 0.389685 0.5432 0.4384
32.5 0.4947 0.372493 0.5524 0.4293
35 0.4947 0.361032 0.5625 0.4194
37.5 0.4947 0.34384 0.5733 0.4087
40 0.4947 0.332378 0.5849 0.3974
42.5 0.487633 0.326648 0.5973 0.3854
45 0.4947 0.297994 0.6106 0.3728
47.5 0.4947 0.286533 0.6247 0
0
0
0
0
0
0.
0
0
0
0
0
0
0
.3597
50 0.508834 0.275072 0.6396 0.3462
52.5 0.508834 0.25788 0.6554 0.3324
55 0.515901 0.234957 0.672 0.3186
57.5 0.515901 0.223496 0.6896 0.305
60 0.530035 0.200573 0.708 .2923
62.5 0.537102 0.189112 0.7273 0.2808
65 0.551237 0.183381 0.7475 0.2715
67.5 0.565371 0.166189 0.7686 0.2657
70 0.579505 .154728 0.7906 0.2649
72.5 0.586572 .143266 0.8135 0.2715
75 0.600707 .148997 0.8374 0.2887
 
Table F2.9 Reflectivities for steel polished with 400 grit at wavelength of 0.5 μm 
 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0.246914 0.22093 0.528 0.4562
27.5 0.259259 0.215116 0.5356 .4485
30 0.271605 0.22093 0.544 0.4401
32.5 0.290123 0.22093 0.5532 0.4309
35 302469 0.22093 0.5631 0.4208
37.5 0.314815 0.226744 0.5738 0.41
40 0.32716 0.22093 .5853 0.3985
42.5 0.37037 0.232558 .5977 0.3862
45 0.382716 0.226744 0.6108 0.3731
47.5 0.395062 0.226744 0.6248 0.3594
50 0.425926 0.226744 0.6397 0.3452
52.5 0.444444 0.226744 .6554 0.3305
55 0.462963 0.226744 .672 0.3155
57.5 0.5 0.226744 0.6894 0.3006
60 .530864 0.22093 0.7078 0.2861
62.5 0.567901 0.215116 0.727 0.2725
65 0.623457 0.215116 .7472 0.2608
67.5 0.654321 0.215116 0.7683 0.252
70 0.703704 0.226744 .7903 0.2478
72.5 0.759259 0.226744 0.8132 0.2506
75 0.796296 0.244186 0.8371 0.2636
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0
0.
0
0.
0. 0
0.
0.
0
0
0
0
T
0 0
0
0
0
0.
0 0
0
0.723
0
0
able F2.10 Reflectivities for steel polished with 240 grit at wavelength of 0.5 μm
 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0.321839 0.312668 .6599 0.6018
27.5 0.344828 0.307278 0.6659 0.5952
30 350575 0.318059 0.6724 0.5878
32.5 .37931 0.32345 0.6795 0.5796
35 390805 0.328841 0.6873 0.5705
37.5 402299 .334232 0.6955 0.5605
40 431034 0.339623 0.7044 0.5495
42.5 0.448276 0.345013 0.7139 0.5373
45 465517 0.350404 0.7239 0.5241
47.5 0.5 0.350404 0.7345 0.5096
50 0.522989 0.345013 0.7457 0.4937
52.5 0.563218 .345013 0.7575 0.4765
55 0.591954 0.345013 .7699 0.4577
57.5 0.626437 0.334232 0.7828 .4374
60 0.649425 0.328841 .7963 0.4156
62.5 0.683908 0.318059 0.8104 0.3922
65 0.718391 0.312668 0.825 0.3674
67.5 0.747126 0.291105 0.8402 0.3417
70 0.775862 0.285714 0.8559 0.3159
72.5 0.810345 0.280323 0.8722 0.2915
75 0.833333 0.269542 0.889 0.2711
 
able F2.11 Reflectivities for steel polished with 0.05 μm at wavelength of 0.6 μm 
 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0.678392 .603571 .6101 0.5459
27.5 0.678392 0.592857 0.6168 0.5388
30 0.683417 0.575 .6242 0.5309
32.5 0.683417 .560714 0.6321 0.5222
35 0.683417 .539286 0.6408 0.5126
37.5 0.683417 0.532143 0.6501 5022
40 .688442 .507143 0.6601 0.4908
42.5 .683417 0.492857 0.6707 0.4785
45 0.698492 0.478571 0.682 0.4651
47.5 0.698492 0.453571 0.694 0.4508
50 0.703518 0.435714 0.7066 0.4355
52.5 0.703518 0.417857 0.72 0.4192
55 0.718593 0.392857 0.734 0.402
57.5 618 0.367857 0.7487 0.3839
60 0.723618 0.35 0.7641 0.3652
62.5 0.733668 0.325 .7801 0.3462
65 0.738693 0.3 0.7968 0.3274
67.5 0.738693 0.282143 0.8142 .3097
70 0.753769 0.260714 0.8323 0.2945
72.5 0.758794 0.253571 0.851 0.2838
75 0.773869 0.253571 0.8704 0.2811
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Table F2.12 Reflectivities for steel polished with 0.3 μm at wavelength of 0.6 μm 
 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0.546392 0.508227 0.5768 0.5094
27.5 0.546392 0.497258 0.5839 0.502
30 0.546392 0.489945 0.5916 0.4938
32.5 0
0.57
0
0
0.4
0
0
0.
0 0
0.20
0.1
0.170
0
.551546 0.47532 0.6001 0.4848
35 0.551546 0.431444 0.6093 0.4749
37.5 0.561856 0.409506 0.6192 0.4642
40 0.561856 0.391225 0.6298 0.4526
42.5 0.56701 0.380256 0.6411 0.4401
45 0.572165 0.365631 0.6532 0.4267
47.5 732 0.354662 0.666 0.4124
50 0.597938 0.332724 0.6796 0.3971
52.5 0.597938 0.325411 0.6939 0.3811
55 0.608247 0.30713 0.7089 0.3643
57.5 0.613402 0.292505 0.7248 0.347
60 0.618557 0.270567 0.7414 0.3294
62.5 0.623711 0.255941 0.7587 0.3119
65 0.628866 0.244973 .7769 0.2951
67.5 0.64433 0.226691 0.7958 0.2801
70 0.654639 0.219378 0.8154 0.2683
72.5 0.675258 0.212066 0.8359 0.262
75 0.701031 0.219378 .8571 0.2646
 
Table F2.13 Reflectivities for steel polished with 5 μm at wavelength of 0.6 μm 
 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0.525799 0.4375 0.5328 0.4607
27.5 0.520885 0.423611 0.5404 0.453
30 0.525799 13194 0.5488 0.4446
32.5 0.520885 0.399306 0.558 0.4355
35 0.525799 0.385417 0.568 0.4256
37.5 0.520885 0.371528 0.5787 0.415
40 0.525799 0.354167 0.5902 0.4037
42.5 0.520885 0.336806 0.6026 0.3917
45 0.520885 0.319444 .6157 0.3791
47.5 0.511057 0.298611 .6297 0.3659
50 0.511057 0.284722 0.6444 0.3524
52.5 0.515971 0.256944 6601 0.3385
55 0.530713 0.243056 .6765 .3245
57.5 0.530713 0.225694 0.6939 0.3109
60 0.540541 8333 0.7121 0.2979
62.5 0.545455 90972 0.7312 0.2862
65 0.550369 139 0.7511 0.2766
67.5 0.560197 0.159722 0.7719 0.2704
70 0.570025 0.142361 0.7937 0.2691
72.5 0.579853 0.138889 .8163 0.2752
75 0.589681 0.135417 0.8399 0.2918
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Table F2.14 Reflectivities for steel polished with 400 grit at wavelength of 0.6 um 
 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0.311475 0.256757 0.5193 0.4472
27.5 0.32377 0.256757 0.5269 0
0 0
0
0
0
0
T  
0.
0
0
0
0
.4395
30 0.331967 0.266892 0.5354 0.431
32.5 0.352459 0.27027 0.5446 0.4217
35 0.364754 0.266892 0.5546 0.4116
37.5 0.381148 0.266892 0.5654 0.4007
40 0.401639 0.273649 0.577 0.389
42.5 0.42623 0.273649 0.5895 0.3766
45 0.442623 0.27027 0.6028 0.3634
47.5 .463115 0.263514 .6169 0.3495
50 0.495902 0.263514 0.632 0.335
52.5 0.504098 0.256757 0.6479 0.32
55 0.54918 .253378 0.6647 0.3047
57.5 0.565574 0.243243 0.6824 .2894
60 0.618852 0.239865 0.7011 0.2745
62.5 0.647541 0.236486 0.7207 0.2605
65 0.67623 0.22973 0.7412 0.2481
67.5 .713115 0.22973 0.7627 0.2386
70 0.754098 0.226351 0.7851 0.2337
72.5 0.790984 0.226351 0.8085 .2356
75 0.831967 0.236486 0.8329 0.2477
 
able F2.15 Reflectivities for steel polished with 240 grit at wavelength of 0.6 μm
 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0.309478 300654 0.6465 0.587
27.5 0.340426 0.303922 0.6526 .5803
30 0.344294 0.30719 0.6593 0.5727
32.5 0.355899 0.30719 .6667 0.5643
35 0.375242 0.313725 .6746 0.555
37.5 0.382979 0.316993 0.6831 .5447
40 0.40619 0.313725 0.6923 0.5334
42.5 0.4294 0.326797 0.702 0.5211
45 0.45648 0.323529 0.7124 0.5075
47.5 0.464217 0.320261 0.7233 0.4926
50 0.50677 0.323529 0.7349 0.4764
52.5 0.529981 0.323529 0.7471 0.4588
55 0.545455 0.310458 0.7599 0.4396
57.5 0.576402 0.303922 0.7733 0.4188
60 0.611219 0.300654 0.7873 0.3965
62.5 0.642166 0.287582 0.8019 0.3725
65 0.673114 0.27451 0.8171 0.3472
67.5 0.70793 0.264706 0.8329 0.3208
70 0.731141 0.251634 0.8493 0.2943
72.5 0.777563 0.245098 0.8662 0.269
75 0.800774 0.24183 0.8838 0.2478
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Table F2.16 Reflectivities for steel polished with 0.05 μm at wavelength of 0.7 μm 
 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0.721649 0.625806 0.6266 0.5643
27.5 0
0
0
0
0
0
0 0
0.
0
0 0
0
Table F2.17 Reflectivities for steel polished with 0.3 μm at wavelength of 0.7 μm 
theta R Rp
2 0
0
3 0
3 0
0. 0
4 0
4 0
5
5
6 0
0
6
0
7 0
75 0.718826 0.223903 0.8625 0.2739
.716495 0.619355 0.6331 0.5573
30 0.731959 0.596774 0.6402 .5496
32.5 0.726804 .583871 0.6479 0.541
35 0.726804 0.603226 0.6563 0.5316
37.5 0.731959 0.583871 0.6652 0.5213
40 0.731959 0.56129 .6749 0.51
42.5 .747423 0.548387 0.6851 0.4977
45 0.752577 .522581 0.696 0.4845
47.5 0.747423 0.506452 0.7076 0.4701
50 0.747423 0.480645 .7198 .4547
52.5 0.768041 0.46129 0.7326 4382
55 .773196 0.43871 0.7461 0.4206
57.5 0.762887 0.4 0.7602 0.402
60 0.768041 0.380645 0.775 0.3825
62.5 0.768041 0.348387 0.7904 0.3625
65 .773196 .329032 0.8064 0.3423
67.5 0.778351 .306452 0.8231 0.3227
70 0.783505 0.283871 0.8403 0.305
72.5 0.78866 0.264516 0.8583 0.2911
75 0.809278 0.26129 0.8768 0.2844
 
 
 
Rper_exp Rper_exp per_th ar_th 
25 0.537897 0.465961 0.5899 0.5237
7.5 0.552567 .462935 0.5969 0.5164
30 0.557457 .456884 0.6045 0.5083
2.5 0.552567 0.453858 0.6128 .4994
35 0.557457 0.435703 0.6217 0.4897
7.5 .567237 0.429652 0.6314 0.479
40 567237 0.414523 .6418 0.4675
2.5 .581907 0.405446 0.6529 0.4551
45 0.586797 0.387292 0.6646 0.4418
7.5 .591687 0.378215 0.6771 0.4275
50 0.601467 0.366112 0.6904 0.4123
2.5 0.606357 0.341906 0.7043 0.3962
55 0.621027 0.326778 0.7189 0.3793
7.5 0.625917 0.311649 0.7343 0.3618
60 0.630807 0.290469 0.7504 0.3439
2.5 0.640587 .278366 0.7673 0.3261
65 .655257 0.257186 0.7849 0.3088
7.5 0.669927 0.248109 0.8032 0.2931
70 0.689487 0.23298 0.8222 .2803
2.5 0.704156 .226929 0.842 0.2728
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Table F2.18 Reflectivities for steel polished with 5 μm at wavelength of 0.7 μm 
 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0.518135 0.4377 0.5634 0.4952
27.5 0.518135 0.43131 0.5706 0.4877
30 0.523316 0.421725 0.5784 0.4794
32.5 0.523316 0.415335 0.587 0
0 0.
0
0
0.242 0
0
0
0
0
Table F2.19 Reflectivities for steel polished with 400 grit at wavelength of 0.7 μm 
theta Rper_exp Rpa exp Rper_th Rpar_th 
5 
2
3
3
0
4
4
5
5
6
6
7 0
0
.4703
35 0.518135 0.399361 0.5964 0.4603
37.5 0.518135 0.380192 0.6064 0.4494
40 0.523316 .370607 0.6172 4375
42.5 0.523316 0.354633 0.6288 0.4248
45 0.528497 0.332268 .6411 0.411
47.5 0.528497 0.322684 0.6542 0.3964
50 0.533679 0.300319 0.6681 0.3807
52.5 0.533679 0.28754 0.6827 0.3642
55 0.544041 .258786 0.6982 0.3468
57.5 0.549223 812 0.7144 .3288
60 0.559585 0.233227 .7315 0.3103
62.5 0.569948 0.210863 0.7494 0.2919
65 0.580311 0.194888 0.7681 0.274
67.5 0.590674 0.169329 0.7876 0.2576
70 0.595855 0.15016 0.808 .2442
72.5 .606218 0.13099 0.8291 0.236
75 0.61658 .134185 0.8511 0.2365
 
 
r_
2 0.356546 0.303279 0.5328 0.462
7.5 0.367688 0.303279 0.5403 0.4543
30 0.384401 0.303279 0.5486 0.4459
2.5 0.395543 0.303279 0.5576 0.4366
35 0.412256 0.307377 0.5674 0.4265
7.5 0.428969 0.303279 0.5779 0.4155
40 0.445682 0.303279 0.5893 .4037
2.5 0.462396 0.29918 0.6015 0.3911
45 0.48468 0.295082 0.6145 0.3776
7.5 0.512535 0.295082 0.6283 0.3633
50 0.523677 0.286885 0.643 0.3483
2.5 0.545961 0.286885 0.6585 0.3326
55 0.579387 0.278689 0.6749 0.3164
7.5 0.612813 0.270492 0.6922 0.2999
60 0.640669 0.254098 0.7103 0.2834
2.5 0.674095 0.254098 0.7294 0.2676
65 0.707521 0.245902 0.7493 0.2529
7.5 0.740947 0.241803 0.7702 0.2407
70 0.779944 0.229508 0.792 0.2324
2.5 0.81337 .221311 0.8148 0.2304
75 0.846797 0.22541 .8385 0.2381
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Table F2.20 Reflectivities for steel polished with 240 grit at wavelength of 0.7 μm 
theta Rp R R
0
2
0
3
3
4 0
4
5
5
6 0
6 0 0
0 0
7 0
75 0.836879 0.239691 0.8806 0.2365
Table F2.21 Reflectivities for steel polished with 0.05 μm at wavelength of 0.8 μm 
theta R Rp
2
3
3
0
4
4
5
5
6
6 0
0
7 0
75 0.772308 0.236674 0.8682 0.2896
 
Rper_exp ar_exp per_th par_th 
25 0.333333 .311856 0.6384 0.5781
7.5 0.343972 0.31701 0.6446 0.5712
30 0.358156 0.31701 .6514 0.5636
2.5 0.365248 0.322165 0.6589 0.5551
35 0.386525 0.322165 0.667 0.5457
7.5 0.407801 0.324742 0.6756 0.5353
40 0.429078 0.329897 0.6849 0.5239
2.5 0.453901 0.332474 0.6948 .5113
45 0.464539 0.329897 0.7054 0.4976
7.5 0.492908 0.32732 0.7166 0.4826
50 0.510638 0.32732 0.7283 0.4662
2.5 0.535461 0.324742 0.7408 0.4484
55 0.56383 0.31701 0.7538 0.429
7.5 0.602837 0.309278 0.7675 0.4081
60 0.620567 0.298969 0.7818 0.3856
2.5 0.652482 0.28866 0.7967 .3614
65 0.702128 0.278351 0.8123 0.3359
7.5 0.730496 .270619 .8285 0.3095
70 0.762411 .257732 0.8452 .2829
2.5 .797872 0.237113 0.8626 0.2576
 
 
Rper_exp Rpar_exp per_th ar_th 
25 0.603077 0.511727 0.6039 0.5388
7.5 0.603077 0.50533 0.6107 0.5317
30 0.609231 0.496802 0.6181 0.5237
2.5 0.618462 0.490405 0.6262 0.515
35 0.621538 0.481876 0.635 0.5054
7.5 0.624615 0.473348 0.6444 0.4949
40 0.633846 .458422 0.6546 0.4836
2.5 0.64 0.445629 0.6654 0.4713
45 0.646154 0.430704 0.6768 0.4581
7.5 0.649231 0.415778 0.689 0.444
50 0.661538 0.405117 0.7018 0.4289
2.5 0.670769 0.405117 0.7154 0.413
55 0.689231 0.385928 0.7296 0.3963
7.5 0.695385 0.371002 0.7445 0.3789
60 0.704615 0.347548 0.7601 0.361
2.5 0.713846 0.33049 0.7764 0.3431
65 0.723077 0.309168 0.7934 0.3258
7.5 0.729231 0.283582 .8111 0.3099
70 .732308 0.264392 0.8294 0.2969
2.5 0.756923 .247335 0.8485 0.289
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Table F2.22 Reflectivities for steel polished with 0.3 μm at wavelength of 0.8 μm 
theta Rper_exp Rpa exp Rper_th Rpar_th 
5 
2
0
3 0
3 0
4
4
0
5 0
5 0 0 0
6
0
6
7
0
0.34
0 0
0
0
0
0
 
r_
2 0.5 0.447489 0.7044 0.6512
7.5 0.512821 0.440639 0.7098 0.6452
30 0.516026 .438356 0.7157 0.6384
2.5 0.522436 .431507 0.7222 0.631
35 0.532051 0.417808 0.7292 0.6227
7.5 0.538462 0.413242 .7366 0.6136
40 0.544872 0.406393 0.7446 0.6036
2.5 0.557692 0.39726 0.7531 0.5926
45 0.567308 0.388128 0.762 0.5807
7.5 0.573718 0.374429 0.7715 0.5677
50 0.583333 .363014 0.7814 0.5535
2.5 0.589744 .347032 0.7918 0.5381
55 0.605769 0.335616 0.8027 0.5216
7.5 .615385 .321918 0.8141 .5037
60 0.63141 0.303653 0.8259 0.4847
2.5 0.644231 0.289954 0.8382 0.4646
65 0.650641 .273973 0.8509 0.4437
7.5 0.666667 0.260274 0.8641 0.4226
70 0.682692 0.242009 0.8776 0.4021
2.5 0.692308 0.23516 0.8916 0.3841
75 0.724359 0.23516 0.906 0.3713
 
 
Table F2.23 Reflectivities for steel polished with 5 μm at wavelength of 0.8 μm 
 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0.32899 0.3 0.636 0.575
27.5 0.332248 .295349 0.6424 0.5681
30 0.335505 0.288372 0.6493 0.5604
32.5 0.335505 0.27907 0.6568 0.552
35 0.332248 0.276744 0.665 0.5426
37.5 0.338762 0.265116 0.6738 0.5323
40 0.338762 0.260465 0.6832 0.5211
42.5 5277 0.253488 0.6932 0.5088
45 0.345277 0.244186 0.7039 0.4954
47.5 0.348534 0.234884 .7151 .4809
50 0.358306 0.225581 0.727 0.4653
52.5 0.358306 0.216279 0.7396 .4483
55 0.361564 0.206977 0.7527 0.4302
57.5 0.368078 0.193023 0.7665 0.4108
60 0.364821 0.183721 0.7809 .3903
62.5 0.368078 .172093 0.7959 0.3688
65 0.374593 0.160465 0.8116 0.3468
67.5 0.37785 0.151163 0.8278 0.3248
70 0.381107 0.137209 0.8447 0.3039
72.5 0.394137 0.127907 0.8621 .2861
75 0.413681 0.130233 0.8802 0.2744
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Table F2.24 Reflectivities for steel polished with 400 grit at wavelength of 0.8 μm 
 
theta Rper_exp Rpar_exp Rper_th Rpar_th 
25 0.392
0
0
0
0
0 0
Table F2.25 Reflectivities for steel polished with 240 grit at wavelength of 0.8 μm 
theta Rper_exp Rpa exp Rper_th Rpar_th 
5 
2 0 0.354 0 0
3
0
3 0
4
4
5 0
5
6
6
0
7
 
857 0.337553 0.5881 0.5234
27.5 0.404762 0.337553 0.5949 0.5161
30 0.440476 0.329114 0.6023 0.5079
32.5 0.428571 0.345992 0.6104 .4988
35 0.452381 0.337553 0.6192 0.4888
37.5 0.488095 0.337553 0.6287 0.4777
40 0.47619 0.337553 0.6389 0.4655
42.5 0.511905 0.35443 0.6498 0.4521
45 0.52381 0.337553 .6614 0.4375
47.5 0.547619 0.329114 0.6738 0.4215
50 0.583333 0.337553 0.6869 0.4041
52.5 0.595238 0.320675 0.7008 0.3852
55 0.630952 0.320675 0.7154 0.3646
57.5 0.654762 0.312236 0.7307 0.3424
60 .678571 0.303797 0.7469 0.3185
62.5 0.714286 0.303797 0.7638 0.2929
65 0.72619 0.278481 0.7815 0.2659
67.5 0.761905 0.270042 0.7999 0.2379
70 0.797619 0.261603 0.8192 0.2096
72.5 0.821429 .261603 0.8392 0.1825
75 0.833333 .253165 .8599 0.1595
 
 
r_
2 0.367041 0.34414 0.6711 0.6148
7.5 .374532 115 .6769 .6084
30 0.382022 0.349127 0.6833 0.6011
2.5 0.419476 0.349127 0.6902 0.593
35 0.411985 .354115 0.6976 0.584
7.5 0.426966 0.369077 .7057 0.5741
40 0.434457 0.36409 0.7142 0.563
2.5 0.464419 0.36409 0.7234 0.5509
45 0.494382 0.359102 0.7331 0.5375
7.5 0.509363 0.359102 0.7434 0.5227
50 0.524345 0.354115 0.7542 0.5065
2.5 0.561798 0.34414 .7656 0.4886
55 0.58427 0.339152 0.7776 0.469
7.5 0.606742 0.334165 0.7901 0.4474
60 0.629213 0.32419 0.8032 0.4238
2.5 0.666667 0.314214 0.8168 0.398
65 0.696629 0.304239 0.831 0.3701
7.5 0.734082 0.284289 0.8457 0.34
70 .771536 0.264339 0.8609 0.3082
2.5 0.816479 0.259352 0.8766 0.2756
75 0.82397 0.249377 0.8929 0.2444
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